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Abstract
The natural and forced hydrodynamic stability of an aircraft gas turbine engine has
been investigated analytically and experimentally. Time-resolved data gave no ev-
idence of pre-surge one or two dimensional oscillations. Measurements of various
internal flow processes were found to contain significant frequency content only below
100 Hz. In this frequency range, the spectral content was found to be broadband.
The spectral amplitude below 50 Hz was observed to increase roughly 250 ms prior
to surge
Experimental testing of a fluid dynamic actuator designed for use on a Lycoming
LTS-101 gas producer revealed that acoustic resonances in the actuator flow path
could reduce the level of modulation possible if forced above 200 Hz. Actuation is
accomplished by injecting air into the engine's vaned diffuser throats. The effect of
steady injection on the compressor characteristic was determined experimentally and
found to cause a blockage which reduced the engine inlet flow. The injection also
caused a 0.7% loss in total pressure across the diffuser at an operating point near
surge while injecting 1.3% of the nominal engine massflow.
Transfer function estimates between injection massflow and both combustor and
compressor inlet pressure were obtained by unsteadily forcing the engine with the
fluid dynamic actuator. Near surge, the engine response to diffuser throat forcing
began to roll off at 30 Hz. By 100 Hz, the response was roughly one-tenth that at 30
Hz.
A lumped parameter hydrodynamic stability model was fit to the transfer function
estimates obtained from forced response data. Fits to data taken just prior to surge
gave an estimate of the engine's natural frequency and damping ratio at 27 Hz and
0.46 respectively.
A nonlinear simulation of a lumped parameter hydrodynamic stability model was
found to exhibit the type of abrupt surge behavior observed experimentally. Broad-
band perturbations to combustor pressure, heat release, and turbine flow were found
to elicit a simulated engine response only below four-tenths of the engine's helmholtz
frequency.
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Chapter 1
Introduction
1.1 Background
Many physical systems have been observed to exhibit self-excited instability. The
simplest case that one could envisage is a single degree-of-freedom mass and spring
connected in parallel to a damper which produces a force coincident with the mass ve-
locity. Given some initial velocity perturbation, the damper will feed energy into the
mass causing the system motion to grow. Of specific interest here is the aircraft gas
turbine engine which encounters instability as the massflow rate is decreased from its
nominal operating point value to one near the peak of the compressor total to static
characteristic as shown in Figure 1-1. The two most common types of instability en-
countered in gas turbine engines are rotating stall and surge. While these two forms
of instability are related, surge is distinctly different from rotating stall in that it
is characterized by one-dimensional oscillations in massflow and pressure throughout
the engine. Rotating stall, however, is normally a locally occurring instability in the
compressor which results in one or more rotating cells of reduced flow. Although
either of the two instabilities may occur in any class of engine and may even occur
simultaneously, rotating stall is generally more troublesome in axial compressors than
in centrifugal machines. This is not to imply that rotating stall does not occur in
centrifugal compressors but that it does not always end the useful operating range
of the compression system. Surge, on the other hand, does normally limit the useful
operating range of a centrifugally compressed engine. Surge can be divided into two
separate classes based on disturbance amplitude. Mild surge refers to a small ampli-
tude limit cycle oscillation in which forward flow through the compressor is always
maintained. The large amplitude limit cycle version of mild surge is normally referred
to simply as surge. This manifestation of the instability is characterized by a cyclic
blowdown of the combustion chamber gas backwards through the compressor followed
by a pump-up period of reestablished forward flow. Although not always the case,
surge in some engines will only cease when fuel flow is reduced, the engine pressure
ratio is decreased, or the engine suffers catastrophic failure. The third eventuality of
surge is of greatest concern to engine designers and manufacturers. To ensure stable
operation in the presence of operationally destabilizing phenomena such as exhaust
and armament gas ingestion or inlet distortion, gas turbine engines are typically de-
signed to operate well below the surge line so as to always maintain an acceptable
surge margin.
Although a surge margin helps to ensure stable operation, it also limits the achieve
maximum realizable efficiency which normally occurs at or near the peak of the com-
pressor characteristic. Since the sensitivity of fuel consumption to compressor ef-
ficiency is typically 3:1, a small penalty in compressor efficiency results in greatly
increased fuel costs. Further, the inability to operate near the surge line results in a
lower pressure ratio at a given corrected engine speed.
Given the various penalties incurred by operating an engine at some margin from
the peak of the compressor characteristic, much effort has been devoted to finding
ways of delaying the onset of surge and rotating stall. One successful method for
delaying the onset of rotating stall in axial compressors is casing treatment. Casing
treatment usually consists of some pattern of slots or grooves which are machined
into the compressor case. The reasons for the effectiveness of this method are not
well understood, however, and has met with little success in delaying the onset of
surge in centrifugal compressors. Another class of related techniques are surge/stall
avoidance schemes. These normally involve the use of compressor bleeds which lower
the operating line during operation in known regimes of decreased stability. This
method, however, usually results in a large penalty in performance and does not
eliminate the requirement for operation with some predetermined stall margin.
In 1989, Epstein, et al. proposed a possible solution to hydrodynamic instabilities
such as surge and rotating stall [6]. It was proposed that if surge was the result of a
system dynamic instability, a feedback control scheme should be able to add artificial
damping to the system and therefore stabilize the engine in a normally unstable
range of operation. Further, since such a control scheme may only have to actuate on
linear disturbances, the control power required to maintain stability would be several
orders of magnitude less than the engine's power output. Based on this concept, an
experimental program at the MIT Gas Turbine Lab was undertaken to prove that
it was possible to actively stabilize compression systems. This resulted in a series
of experiments on a number of turbocharger rigs which were successfully stabilized.
Experiments carried out at Cambridge University also demonstrated active control
on a 50hp Rover APU [7]. The current research focuses on extending the ideas proven
on low pressure ratio turbocharger rigs to a modern high pressure ratio gas turbine
engine. The overall goals include testing the validity of lumped parameter dynamic
models of hydrodynamic stability on a jet engine and laying the ground work for
the eventual dynamic stabilization of surge in an aircraft gas turbine engine. The
experimental portions of this work were performed on a Lycoming LTS-101. The
LTS-101 is a 650hp turboshaft engine with a PR=7 axi-centrifugal compressor and
vaned diffuser. A summary of the test stand is given in chapter 2.
1.2 Previous Work
1.2.1 Surge
Researchers have long made an effort to better understand the governing flow physics
behind turbomachine instabilities. Emmons, et al. first proposed the analogy between
jet engine surge oscillations and those of a Helmholtz resonator [5]. This led to a
lumped parameter dynamic model in which incompressible flow in the compressor
duct was assumed to store the system kinetic energy while the potential energy was
stored in the burner volume. The compressor and throttle were modelled as actuator
disks which give a unique pressure rise (drop) for a given flow rate. The resulting set
of ordinary differential equations were linearized about some mean operating point
in order to examine the system(engine) stability.
Greitzer utilized the same basic model in a non-linear simulation of post-stall tran-
sients in a 3-stage axial compressor rig [10]. This work resulted in a non-dimensional
parameter found to have a dominant effect on the engine surge dynamics. This pa-
rameter, B, is defined as :
B=UT UTB 2a- LA - 2 L (1.1)
2a, LAp 2WHL
Greitzer found that the magnitude of the B parameter determined whether rotating
stall or surge would be encountered at the stall line. A physical mechanism for
the dynamic instability was also developed which pinpointed the compressor as an
unsteady source of energy while it operated on a positively sloped region of its steady-
state characteristic. Further, it was shown that dynamic instability would occur when
the compressor produced more unsteady energy than could be dissipated by positive
damping elements such as the plenum exit throttle. It was shown analytically that the
condition for dynamic instability to occur may be written in terms of the compressor
and turbine slopes as:
mt
= B 2
The importance of the B parameter on the point of instability can clearly be seen in
this expression.
Toyama, et al. completed an experimental study of surge on a high pressure ratio
centrifugal compressor rig with a vaned diffuser [19]. The major thrust of this work
seemed to be the identification of a triggering mechanism for surge. The use of high
response pressure transducers made this work one of the first of its kind and allowed
questions about the time resolved nature of surge to be addressed experimentally. One
of the possible triggering mechanisms investigated was boundary layer separation in
the diffuser. By attaching a hot film sensor to the diffuser vane suction surface and
installing a reverse flow probe in the vane channel, it was determined that reverse flow
occurred before the wall friction coefficient went to zero. Based on this observation, it
was concluded that boundary layer separation on the diffuser vanes was an effect but
not a cause of surge. By installing a hotwire in the compressor inlet, the researchers
were able to observe 15% oscillations in massflow while at a supposed steady operating
point. A final conclusion was made that surge was most likely initiated when a flow
perturbation exceeded some critical level.
More recently, Fink completed a detailed survey of centrifugal compressor flow
phenomena on a low pressure ratio vaneless diffuser rig [8]. By using a variable volume
plenum, tests could be conducted with either a high or a low B parameter which Fink
found to have a dominant effect on the surge dynamics. A lumped parameter model
similar to that used by Greitzer was developed to simulate the engine dynamics
for comparison to the measured experimental results. Fink found that in order to
accurately predict the system dynamic behavior it was necessary to include the effect
of rotor speed fluctuations. The constraint previously place on the compressor to
operate on a unique characteristic was also relaxed by including a first order lag term
chosen to represent the flow through time of the compressor. Having added these two
effects, Fink was able to obtain agreement between simulated and measured surge
dynamics.
1.2.2 Active Control
The previous experimental work on active control of surge has been done almost
exclusively on turbocharger rigs with little having been completed on an aircraft gas
turbine engine. Previous work on active control can be further subdivided into active
and passive control schemes. An active scheme refers to a system incorporating a
computer, sensors, and electromechanical actuators. The signal coming from the
sensor is usually processed in some way (through a control law) and then fed back
to the actuator whose control actions maintain system stability. In a passive scheme,
however, the actuator motion is somehow directly coupled to a locally occurring
process (pressure, velocity, etc).
To date, three investigators have demonstrated active control of surge. Pinsley,
et al. used a variable area valve installed in the plenum discharge duct driven by
fluctuations in plenum pressure to stabilize a turbocharger rig [17]. Ffowcs Williams
and Huang also used plenum pressure fluctuations as the feedback signal, but used
it to drive a plenum mounted loudspeaker [7]. In this way, the plenum volume was
adjusted according to pressure perturbations there. More recently, Simon evaluated
the effectiveness of several combinations of sensors and actuators through a stability
analysis [18]. This analysis predicted that using inlet velocity to drive a variable
area valve in the compressor discharge duct would give the best stabilization. Simon
went on to implement this scheme experimentally and was able to stabilize the surge
instability. Further, the results of Simon's analytical study indicated that actuators
which were close coupled to the compressor were the most effective for system stabi-
lization. McNulty used a different non-dimensionalization on the basic surge model
used by other investigators to make it more applicable to aircraft gas turbine engines
[15]. Several sensor and actuator pairs were analyzed to determine the amount of
stabilization possible on the LTS-101 in place at the Gas Turbine Lab. The results
of this study indicated that dynamic fluid injection at the diffuser throat driven by
perturbations in compressor inlet total pressure showed the most promise for active
control on a jet engine. McNulty's study formed the analytical base for the forced
response and active control experiments presented in this thesis.
Gysling was the first to employ passive control techniques for stabilizing a tur-
bocharger rig [11]. In this scheme, one of the plenum walls was connected to a spring
and damper. By optimizing the natural frequency and damping of the moveable
wall, Gysling was able to extend the stable flow range of the compression system by
25-30%.
Since the current work is completed on an aircraft gas turbine engine, it is im-
portant to take note of the differences between a turbocharger rig and an engine.
Most turbochargers used in previous studies were capable of producing a total pres-
sure ratio of roughly two with a subsonic tip mach number. The LTS-101, however,
operates at a peak pressure ratio greater than seven and has a supersonic impeller
tip mach number. Another difference is that combustion takes place in the engine,
while only one study at Georgia Tech [16] has included this effect. While most rigs
have been constructed with geometries which mimic lumped parameter models, it is
very difficult to identify which components in the LTS-101 act as inertia, and which
as compliance. This fact makes it very difficult to accurately determine the non-
dimensional parameters which govern the engine's hydrodynamic stability. Further,
the operating point of an engine tends to wander with time making it difficult to
define the compressor slope, a parameter which has a significant impact on stability.
Finally, due to high operating temperatures and tight component clearances, instru-
menting an engine is significantly more difficult than the same task on a rig. It was
found during this work that careful attention had to be placed on the dynamics of
the instrumentation taps used to connect high response transducers to the engine.
1.3 Objectives
The objectives of the current study involve questions about both the hydrodynamic
stability of a jet engine and effective methods of actuation for active surge control.
With regards to the hydrodynamic stability of a jet engine, little is understood about
the role that unsteady flow phenomena plays in the initiation of surge. Specifically,
little is known about the nature of disturbances in a jet engine or whether they can
act as natural forcing on the engine hydrodynamics. One set of objectives, therefore,
was to:
* Experimentally measure and characterize unsteady fluctuations in pressure in
a jet engine.
* Use numerical simulation to determine the possible impact of measured distur-
bances on hydrodynamic stability and surge inception.
Another set of questions are concerned with the natural dynamics of an engine as it
enters surge. Specifically:
* How does the entry of a jet engine into surge compare with that of a tur-
bocharger rig?
* What time scales characterize the frequency and growth rate of surge?
Regarding actuation schemes for active surge control, an objective of this work was
to characterize the effect of a fluid dynamic actuator on engine behavior.
* What effect does the diffuser throat injection scheme chosen for use on the
LTS-101 have on steady state engine operation?
* Is such a scheme effective in forcing the engine and for subsequent use in active
control experiments?
The final set of questions centered on determining the dynamics of a real engine.
* Are the dynamics of an engine well represented by a lumped parameter model?
* Can the natural frequency and damping ratio of the engine be measured from
forced response testing?
1.4 Organization of this Document
In Chapter 2, high speed surge inception data is used to qualify and quantify the
natural dynamics of surge inception in the LTS-101. Signal processing tools are
used to search for growing oscillations in the engine prior to surge. In Chapter 5,
a lumped parameter hydrodynamic model is employed in a non-linear simulation
using characteristics typical of a high pressure ratio centrifugally compressed gas
turbine engine. The model is then used to assess the effects of non-equilibrium initial
conditions on system stability. Finally, noise sources are added to evaluate the effect
of measured noise levels on stability and the character of surge inception.
Chapter 3 presents the results of an analytical and experimental study to charac-
terize the dynamics of a fluid dynamic actuator used for forced response testing. A
description of the actuator is given along with data describing it's effect on the LTS-
101. The results of a set of forced response tests conducted on the LTS-101 is given
in Chapter 4. Forcing was accomplished using the actuator described in Chapter 3.
Transfer functions which relate the control action to various states in the engine are
given. Finally, Chapter 6 summarizes the important results of this thesis. Also given
are a list of recommendations for future work.
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Chapter 2
LTS-101 Natural Dynamics
2.1 Introduction
In this chapter, we examine the natural hydrodynamic stability behavior of an aircraft
gas turbine engine. Use of the term "natural" here refers to the fact that the engine
is not being purposely forced in order to measure it's response. In this way, the
natural forcing due to unsteady combustion processes, rotor wakes, etc. are being
considered part of the engine's natural dynamics. Part of this chapter is dedicated to
characterizing the frequency content of such disturbances.
The experimental data presented in this chapter was taken on a Lycoming LTS-
101 helicopter engine. The LTS-101 has a single stage axi-centrifugal compressor with
vaned diffuser. This compressor produces a total-total pressure rise of roughly seven
and has a supersonic impeller tip mach number. The performance of this engine
may be compared to previous research on active control which was carried out on
turbocharger rigs with peak pressure ratios of 2 and tip mach numbers of 0.7. The
LTS-101 is a high-speed engine making this one of the first attempts at characterizing
the complex internal flow processes in such a machine relevant to determining their
impact on the engine's hydrodynamic stability.
Before discussing the surge inception behavior of the LTS-101, it is useful to exam-
ine analogous data taken in a turbocharger rigs by previous investigators. Specifically,
figure 2-1 is a plot of the surge inception behavior recorded by Fink [8]. As can be
seen, the large amplitude surge cycle is preceded by nearly 1 second of growing oscilla-
tions in both flow rate and pressure rise. At about 2% higher flow, a small amplitude
limit cycle occurred with a frequency equal to the system's Helmholtz frequency.
Having given an example of the surge inception behavior measured by a previous
investigator, we now turn to the engine data. At the outset of this project there were
several questions posed concerning surge in an aircraft gas turbine engine. These
questions led to a list of objectives given below.
* Determine the nature of surge inception in an aircraft gas turbine engine.
* Determine characteristic time scales for instability growth.
* Identify frequencies which exhibit growth during surge inception.
* Characterize the nature of unsteady flow phenomena in the engine.
2.2 Experimental Setup
Although a standard LTS-101 is a shaft engine with a free power turbine, the engine
used here has been modified by removing the power turbine. As such, the experimen-
tal engine is a gas producer. The power turbine has been replaced by a variable area
nozzle as shown in figure 2-2. The engine is mounted on a test stand built by Bell [2].
A schematic of the facility taken from Bell's thesis is given in figure 2-3. As shown,
the engine is mounted on pillow blocks and rails such that the nozzle area may be
changed by sliding it fore and aft. This flexibility allows the engine to be operated
at any point on it's map. The LTS-101 compressor map is given in figure 2-4. Since
all experiments were run nominally at 95% corrected speed, only this speed line is
given. An important point needs to be made here regarding the behavior of the en-
gine during nominally steady state operation. Figure 2-5 gives a typical cloud of data
points obtained over 120 seconds at a stable operating point. During acquisition of
the data presented in these clouds, no action was being taken by the engine operator.
Note that the instantaneous operating point may be ±0.5% in massflow and +0.3%
in pressure ratio from the time-averaged operating point. The implication of this is
that the true engine operating point may be significantly different from that found
by averaging data points. An attempt to correlate fluctuations in pressure ratio with
those in corrected speed is presented in figure 2-6. As can be seen, however, no clear
correlation seems to exist.
The engine test stand is located inside a test cell for operator safety. The en-
gine is run from outside the test cell through an industrial process software package
called Genesis. Through a computer interface system, the software package is used
to maintain control over everything from throttle and nozzle adjustment to toggling
the starter and ignitor. The computer dedicated to engine operation also records all
steady state measurements such as inlet temperature, pressure ratio, massflow, etc.
2.2.1 Instrumentation
An array of measurement devices are use to record both time-averaged (steady state)
and time-resolved quantities. The steady state data is primarily used to define the
engine operating point while time-resolved measurements are used to investigate in-
ternal flow phenomena. The two classes of instrumentation used are described below.
Steady State Measurements
As stated above, the primary purpose of steady state measurements was to locate
the operating point of the engine on it's operating map. Corrected air flow rate
is determined by the bellmouth static pressure depression measured by a Setra 239
transducer which has a range of ±15 inches of water. Combustor pressure, and
therefore pressure ratio, was measured by a Setra 204D transducer with a range of
250 psig. The inlet pressure and combustor pressure transducers are calibrated with
a specially designed calibration rig. The reference transducers in this rig are Setra
model 370 digital pressure gauges having ranges of 600 to 1100mbar for the inlet
transducer and 0 to 100 psig for the combustor transducer. The 600 to 1100mbar
gauge is also used for measuring test cell ambient pressure. Temperature at bellmouth
inlet, compressor exit, and turbine exit are all measured with type K thermocouples.
Vane# 24 4 8 12 16 20
0 250 850 1450 2050 2650 3250
Table 2.1: Diffuser Throat Tap Locations
The inlet temperature is used to correct engine speed which is measured from a
magnetic pickup mounted to the gear box. As noted above, these and other steady
state measurements are recorded by the Genesis software package for later reference.
Time Resolved Measurements
Time resolved measurements included inlet flow velocity and unsteady flow pressure
at various points throughout the engine. The transducer positions are indicated in
figure 2-2. Three Dantec 5 1Lm type 55-Pll hotwire probes were placed in the inlet
bellmouth to record unsteady inlet flow velocity. These hotwires were driven by
Dantec Model 56C17 CTA bridge anemometers and were calibrated prior to running
the engine.
Connection to the diffuser throat was made via six annealed stainless steel tubes
6.75 inches long and 0.072 inches inner diameter. The frequency response of these
taps were tested with the rig described in appendix B, and found to have negligible
phase lag and attenuation below 200 Hz. The location of the taps in the throat is
given in figure 2-7. The angular positions indicated in this figure are measured relative
to the injection point used for forced response tests described in chapter 4. Briefly,
the angular location used to identify each tap is derived from the diffuser vane it is
installed next to as shown in figure 2-7. The angular location of all six taps relative
to the yet to be discussed injection point is given in the table below.
Connected to the diffuser throat taps were four Kulite XCQ-062-50G 50psig trans-
ducers and two PCB model 103M45 microphones. The Kulites drove Pacific Scientific
model 8650 amplifiers while the microphones were connected to PCB model 483B08
amplifiers.
Sensors placed at the axial stage location indicated in figure 2-2 are connected
to the casing wall in the axial stator blade row. Since the compressor casing is
inaccessible directly, connection is made through annealed stainless steel tubing. Six
such tubes allow for various circumferential measurement locations, though only two
were used in these experiments. The two taps used were located at 2050 and 250.
The connecting tubes are 14 inches long and 0.033 inches inner diameter. Since the
measurements made by a transducer connected one of these tubes will be affected by
the fluid dynamics of the tube, a replica of one of the tubes was tested on the tap
dynamic test rig described in appendix B. It was found that even below 100 Hz phase
lags caused by the tap dynamics were significant. A full account of these findings is
given in appendix B. All pressure measurements presented from this location were
made with Kulite XCQ-062-15G transducers which have a range of 15psig. These
and all other Kulites feed Pacific Scientific Model 8650 Amplifiers. Calibration of all
Kulites was accomplished by measuring the amplifier voltage output with zero and
one atmosphere (created with a vacuum pump attached to the transducers back side)
pressure difference across the transducer diaphragm.
High speed combustor instrumentation consisted of two Kulite XCQ-062-250G
transducers which have a range of 250 psig. Connection to the combustor is made
with threaded AN fittings 1.25 inches long and 0.125 inches inner diameter. These
taps were not tested, but due to their small dimensions were considered to have
negligible dynamics below 500 Hz. One of the taps is mounted at 00 and one at 900
measured by using the same convention adopted for diffuser throat tap locations.
Engine vibration measurements were made with an IMO industries velocity vibra-
tion transducer type 4-128-0001. The signal from this transducer was fed to a model
VM-110 vibration monitor provided by Lycoming.
Data Acquisition
As stated above, the primary purpose of steady state measurements was to determine
the operating point of the engine on it's pumping characteristic. These measurements
were recorded through a combination of 12 and 16 bit Strawberry Tree A/D boards
installed in a Dell 433DE PC. The data acquisition process is controlled by the Genesis
software package discussed above. A full account of this system may be found in a
Masters thesis written by Bell [2].
High speed data acquisition is accomplished with 12 bit A/D boards manufactured
by ADTEK. These boards feature the flexibility of programmable acquisition rate
and conversion range. All data presented in this thesis was acquired at a rate of 5000
Hz. Further, the data was low pass filtered by a Techfilter board made by Onsite
Instruments. This programmable analog filter was always set at a cutoff frequency
of 1000 Hz which, with the chosen sampling rate, satisfies the Nyquist criterion. The
filter board provides 75dB per octave of rolloff above the cutoff frequency.
Experimental Procedure
After completing a checklist, the LTS-101 is started and allowed to idle for approxi-
mately three minutes. At this point, the engine is accelerated to 95% corrected speed
where all tests were run. Once the engine had warmed up sufficiently, the exit nozzle
was closed to a point where acquisition of data was desired. The maximum acquisi-
tion time for high speed data was approximately 1.5 minutes. Therefore, in order to
record the surge event, the engine was moved to a point as close as possible to the
surge line. At this stage, the high speed A/D was triggered and the exhaust nozzle
on the engine closed down in increments of 0.01 inches of linear travel. An effort
was always made to avoid rapid nozzle transients during the acquisition of data so as
to not artificially trigger surge. This goal was always met as the surge event never
occurred in less than a few seconds after nozzle movement. In this way, it is believed
that surge always developed naturally and not from a transient imposed by the engine
operator.
Assuming that all went well, the high speed data acquisition computer recorded
surge inception and surge cycle data. After the engine enters surge, the surge cycle
continues until the engine operator reduces the flow of fuel to the idle flow rate. This
reduction is accomplished with the use of a "panic" button on the computer keyboard.
The engine is then allowed to idle for another three minutes and then turned off.
2.3 Experimental Data
In this section, several observations are made regarding the nature of surge inception
in the LTS-101. The role of rotating stall in the surge event is discussed, followed
by an examination of time-resolved data traces taken just prior to surge. Finally,
spectral analysis tools are used to examine the variation in frequency content of
various internal flow processes during the transition to surge. Throughout this section,
comparisons will be made to data taken by Fink as documented in [8]. The work
completed by Fink was discussed in the introduction chapter, and will simply be
referred to here as turbocharger data.
2.3.1 Rotating Stall
In some high pressure ratio gas turbine engines, rotating stall in the vaned diffuser is
thought to be responsible for triggering surge. If rotating stall plays a role in the surge
inception process, active control of surge will likely be more difficult since spatially
distributed actuation might be necessary. To identify rotating stall in the vaned
diffuser, time-resolved data from the six diffuser throat taps was used to compute
the first and second modal content present in the diffuser. Here, the first mode
represents a single lobed disturbance rotating circumferentially about the diffuser
inlet. Similarly, the second mode represents a double lobed disturbance of the same
type.
Due to possible calibration errors, the six diffuser throat pressure signals were
normalized by their respective standard deviation as measured over the section of
data being analyzed. In this way, signals with larger rms noise will be less likely to
corrupt the estimates of modal content. The data was then processed by computing
the first and second spatial harmonic amplitude and phase at each instant of time.
The results of this analysis are given in figures 2-8 and 2-9. Figure 2-8 gives the first
mode amplitude and phase versus rotor revolutions prior to surge. Coherent rotating
waves would be indicated by growth in amplitude, and a nearly linear increase in
phase with time. As can be seen, this type of behavior is not present in figure 2-8
indicating that the first rotating stall mode is neither growing nor traveling prior to
surge. Figure 2-9 indicates that the second rotating stall mode is also dormant prior
to surge, and therefore these two modes of rotating stall are well damped and not
responsible for triggering surge.
2.3.2 Surge Inception Behavior
As will be shown in the spectral analysis section, the spectral content of time-resolved
pressure traces tended to be insignificant above 300 Hz. Further, since the content
above 300 Hz was primarily near the engine's shaft frequency, the data presented in
this section was lowpass digitally filtered at 300 Hz with a third order butterworth
filter.
To give some indication of the sequence of events during surge inception, the zeroth
modes in the combustor, throat, and axial stage pressure taps is given in figure 2-10.
The definition of a specific surge point is difficult, but was chosen to represent the
point at which combustor pressure dropped below a locally minimum value during the
preceding 50ms. Approximately 1.5ms after the combustor pressure begins to drop,
the throat pressure rises sharply indicating that flow through the diffuser has begun
to decelerate. Roughly 2ms after the defined surge point, the axial stage pressure
drops and then quickly rises indicating that the flow has begun to reverse. The
reason for the momentary drop in axial stage pressure is not known, but could be
due to flow separation over a stator blade. The large amplitude transients typical of
surge may be observed in figure 2-11. This figure gives the combustor, throat, and
axial stage pressure fluctuations normalized by the mean pressure at those locations.
The vertical scale units do not represent an actual offset in the pressure fluctuations,
but rather should only be used to determine the magnitude of perturbations from the
stable operating levels. Note that the axial stage static pressure reaches nearly twenty
times it's mean gage pressure during stable operation. The general character of the
surge cycle is that of a non-linear relaxation limit cycle. Note also that the frequency
of the surge cycle increases with time after the initial large amplitude transient.
Comparison of this data to that taken from Fink's turbocharger rig shows some
fairly dramatic differences. A typical plot of surge inception in the turbocharger rig
is given in figure 2-1. While the turbocharger data contains one or more seconds of
a growing sinusoidal disturbance, this feature is missing from the engine data. The
inability to observe this behavior suggests that either the lumped parameter model
used by Fink and other investigators is an inadequate representation of the engine
hydrodynamic stability or that nonlinear effects have a significant impact on surge
stability in an engine. Further, the small amplitude limit cycle observed by Fink was
never seen in the LTS-101.
A second major difference between engine and turbocharger surge inception is
the level of noise present in the system. Finks data, along with similar data taken
by other investigators, [18], [17], [11], shows little noise. The engine data, however,
is quite rich in noise although this term is not a completely accurate description of
what is observed in the data. The "noise" observed here is simply a result of the
highly complex unsteady flow phenomena inside the engine. Little is known about
the nature or structure of this flow, which is addressed later in this chapter.
Having examined the general character of surge inception, we now look at specific
measurement locations and the locally occurring fluid dynamic behavior. Filtered
records of the axial stage pressure measurements for various lengths of time are given
in figures 2-12, 2-13, and 2-14. The lower and center traces in the figures were recorded
by the transducers at 2050 and 250 respectively while the top trace is the average of
the two (referred to as the zeroth mode). In general, the transducer plotted in the
center indicated smaller fluctuations than the lower one did. This is thought to be
due to higher damping in the pressure tap leading to this transducer caused by larger
volume in the threaded fitting at the end of the tap. In general, pressure perturbations
recorded by the two individual transducers tend to be in phase indicating that the
unsteadiness is one-dimensional. Again, there seems to be no indication of linearly
growing oscillations prior to surge.
Figures 2-15, 2-16, 2-17 give data recorded from the six throat taps (250to3250
lower trace to fifth trace) along with the zeroth mode plotted at the top. In contrast
to the axial stage taps, it is difficult to find a particular pressure perturbation which
all six transducers recorded. This qualitative observation suggests that pressure fluc-
tuations at the diffuser throat are relatively uncorrelated.
General behavior of the combustor pressure can be observed in figures 2-18, 2-
19, and 2-20. The top trace in each of these plots is the zeroth combustor mode as
computed from the two separate transducers at 0O (lower trace) and 900 (center trace.
Several distinct features can be observed from these plots. Oscillations at roughly
30Hz are clearly present in the transducer at 0o. Although this content is also present
in the 900 transducer, it is not nearly as distinct. At an even lower frequency of 3Hz,
the pressure rises in a ramp-like fashion before dropping off quickly. The final large
drop in pressure is followed by 2-3 smaller ones and then by surge. Note that the
final two perturbations in combustor pressure are recorded on both transducers and
are in phase.
Figures 2-21, 2-22, and 2-23 give sample traces from the three inlet hotwires (at
the bottom) along with the zeroth mode inlet velocity trace (at the top) during surge
inception. Note that the hotwires have very few perturbations in common, but often
indicate large (10m/s) excursions in inlet velocity individually. This is believed to
be at least partially due to inlet temperature distortion. Tests carried out with the
hotwires operating in their constant current mode gave similar results. Since the
hotwires tend to be sensitive to temperature fluctuations in the constant current
(low overheat ratio) mode, this explanation is reasonable. This observation raises
a question about the ability of inlet temperature distortion to act as forcing on the
engine's natural oscillatory behavior, though the question was never examined in this
work. The important feature to note in this data, however, is the absence of growing
disturbances in the inlet flow prior to surge.
2.3.3 Spectral Analysis
In this section, spectral analysis tools based on the fourier transform are used to char-
acterize the frequency content of unsteady flow phenomena inside the engine. The
primary tool being implemented here is the power spectral density (PSD) normally
used to identify narrowband processes in a stochastic process. A physical interpreta-
tion of the PSD can be made as follows: the amount of signal power within a certain
frequency range is given by the integral of the PSD over the specified range. In this
way, the PSD is truly a measure of the power density of a physical process. Large
peaks in the PSD indicate significant frequency content and therefore a high level of
activity at an isolated frequency range.
In the figures that follow, comparison will be made between the spectral content
of various signals taken while the engine was operating at a relatively stable point,
and one which led to surge. All PSD's were taken over 4096 data points. The points
selected from stable operating point data was arbitrary, but the points selected near
surge began roughly ten seconds prior to surge. The estimated operating positions
taken from steady state measurements are given in figure 2-4. As indicated in figure
2-4, the near surge operating point is referred to as point A and will be plotted with a
solid line while the stable operating point is called point B and plotted with a dashed
line.
A sample power spectrum given in figure 2-24 indicates that spectral content
is quite small above 200Hz except around the shaft frequency of just over 700Hz.
This was true for all transducers and therefore the PSD's will only be plotted up to
300Hz. Power Spectra of the individual combustor transducers along with the zeroth
mode combustor signal are given in figures 2-25, 2-26, and 2-27. This plot indicates
that there is significant spectral content between 20 and 30 Hz in the individual
transducers, but has been virtually eliminated by taking the zeroth mode (note the
difference in vertical scales). This suggests that the oscillations recorded by the two
individual transducers at this frequency are not in phase. Examining the zeroth mode
plot, we can see that near surge two peaks exist at 42 and 55 Hz.
Spectra of the axial stage taps is given in figures 2-28, 2-29, and 2-30. These
three plots indicate a rich spectral content below roughly 100Hz. Above 100Hz,
a strong peak exists at 220 Hz in one individual transducer and the zeroth mode
spectrum. Comparison of the axial stage zeroth mode to the combustor zeroth mode
is one way of identifying one-dimensional oscillations typically seen in previous work
on turbocharger rigs. The strong near surge peak seen in the axial stage at 22 Hz
seems to be absent in the combustor. Conversely, the two peaks at 45 and 55 Hz
observed in the combustor are not observed at the axial stage. Both spectra contain
peaks between 80 and 90 Hz, although the combustor trace indicates little change in
the amplitude of this peak between stable and near surge operation. Turning to the
spectra taken at point B, a prominent peak is present in the combustor at 115 Hz
which does not appear in the axial stage.
The PSD of throat zeroth mode is given in figure 2-31. This plot contains two
strong peaks between 10 and 20 Hz near surge which are absent far from surge.
Above 100Hz, the spectrum is quite noisy and does not contain any clear peaks. In
particular, note that the throat zeroth mode does not seem to have any peaks in
common with the combustor or axial stage.
Figure 2-32 gives the inlet hotwire zeroth mode. Again, the spectrum is predom-
inantly active below 100 Hz with a large peak near surge at 20 Hz. The only peak in
common with the axial and combustor zeroth modes is at 80 Hz.
Finally, the change in vibrational spectra can be seen in figure 2-33. Here, we
see three peaks at 28 Hz, 80 Hz, and 120Hz. The peaks at 80 Hz and 120 Hz are
likely due to vibration from the fuel pump and idler gear respectively, while no known
mechanical vibration exists at 28 Hz. The shift observed in the peaks is most likely
due to the engine operating at slightly different physical speeds when the data was
taken. Since the peak at 28 Hz experiences a shift equal to that seen in the peaks
explained by vibration, it may be concluded that this peak is most likely due to some
type of mechanical vibration.
Next, we make a comparison of the how the combustor spectrum changes during
the final seconds prior to surge. The data used in this analysis all came from the same
record and was taken just prior to surge. Figures 2-34, 2-35, and 2-36 give the power
spectra taken during windows which begin approximately 10 seconds prior to surge
along with that taken in the final 4096 point window which did not include the actual
surge cycle. Figure 2-34 indicates that the peak at 28 Hz has grown as the engine
gets very close to surge, while 2-35 indicates the opposite. This contradictory result
makes it difficult to say whether any one frequency is growing into surge as could be
Point Axial 2050 Comb 00 Comb 900 Comb OMode Throat OMode
A Surge Incep 1.24% 0.211% 0.213% 0.167% 0.803%
A Near Surge 1.24% 0.211% 0.211% 0.160% 0.625%
B Stable 1.24% 0.195% 0.195% 0.144% 0.638%
Table 2.2: Percent Mean RMS Noise Levels Throughout The Engine For Three Time
Sequences
seen clearly in similar data taken from a turbocharger. The zeroth combustor mode
indicates that several distinct frequencies below 100 Hz contain significant power. In
addition, below 50 Hz the spectral amplitude tends to grow just prior to surge while
above 50 Hz the opposite is true except at at 120 Hz.
To complete the statistical description of data taken at points A and B, table
2.2 gives the rms noise levels as a percentage of mean absolute pressure for various
measurement locations. The data points used to compute these numbers are the same
4096 sequences used to calculate the PSD's given above. Note that % noise levels are
highest in the axial stage, and that the combustor zeroth mode contains a slightly
lower magnitude of noise than the individual combustor signals. Finally, note the
relatively small changes in the rms noise between the diffuser choke operating point
(B) and that just prior to surge (A Surge Incep). This indicates that the levels of
unsteadiness do not increase significantly between these two operating points.
A convenient method of determining the time history of spectral content is the
waterfall plot. A waterfall plot simply gives the PSD as a function of time by sliding a
fixed length window along the time-resolved data and computing the power spectrum
after each slide is completed. For the waterfall plots given here, zero on the time axis
corresponds to the same time as given in the filtered data traces presented earlier.
Note that the engine pressures have not yet diverged significantly at this point in
time. All power spectrums given in the following waterfall plots were computed over
512 data points. The window slide distance was held constant at 50 points. At the
sampling frequency of 5000 Hz, these lengths convert to windows 102.4 ms long with
10 ms slides between.
A waterfall plot of the combustor zeroth mode is given in figure 2-37. The rich
spectral content below 100 Hz can be seen along with a constantly fluctuating spectral
amplitude. The changes in time of the spectral amplitude here illustrates that the
combustor pressure can not be described as a stationary random process since the
statistical properties are a function of time. Another observation which can be made
is that the low frequency peak spectral amplitude remains relatively constant until
approximately 0.25 seconds prior to surge. At this point, a large burst is observed,
again at low frequency. This can be seen more clearly by viewing the waterfall plot
along the time axis as shown in figures 2-38. A waterfall plot of the final 1.5 seconds
before surge is given in figure 2-39.
Waterfall plots of the axial stage and diffuser throat zeroth mode are given in
figures 2-40 and 2-41. The axial stage zeroth mode indicates a behavior similar to
the combustor zeroth mode. As can be seen in figure 2-40 and perhaps more easily in
figure 2-42, the low frequency content fluctuates significantly with time with a final
series of bursts beginning roughly one second prior to surge. Although the burst seen
800 milliseconds prior to surge is not observed in the combustor, the final burst at
-250 milliseconds is common to both. Further, both bursts occur at approximately
20 Hz. The throat spectrum also shows a good deal of unsteadiness in figure 2-41
with three low frequency bursts at -9 seconds, -5 seconds and a final series beginning
2 seconds prior oto surge. In similarity to both the combustor and axial stage, a final
large burst is observed at -250 milliseconds as shown in figure 2-43.
Although the spectral content of all transducer signals seemed to increase just
prior to surge, there did not seem to be any specific frequencies whose amplitude grew
exponentially as predicted by linearized lumped parameter models used by previous
investigators. In an attempt to identify growing one-dimensional disturbances in the
engine, the various axial measurement locations were used to find the cross-spectral
densities (CSD) between axial stage, diffuser throat, and combustor taps. The cross-
spectrum can be interpreted physically in the same way as the single signal PSD
except that it serves as an indicator of frequencies at which coherent oscillation is
present in two separate signals. Although the cross-spectrum is an imaginary number
which contains amplitude and phase information, only the magnitude of the cross-
spectrum will be considered here.
A waterfall plot of the CSD between the zeroth mode axial stage pressure and
zeroth mode combustor pressure is given in figure 2-44. This plot shows that for
nearly nine seconds prior to surge the CSD fluctuates, but remains below a magnitude
of 4. Then approximately one second before surge, the low frequency content begins
to rise along with the amplitude at both 9 Hz and 22 Hz. By viewing the plot along
the frequency axis it is possible to see that the spectral amplitude at 9 Hz and 22
Hz never exceeds the value of roughly 2 reached just prior to surge. This feature of
the CSD indicates that an oscillation at these frequencies is present in both the axial
stage and combustor. A view of this plot during the final 1.5 seconds is given in figure
2-45.
The CSD's from throat to axial stage and from throat to combustor are given in
figures 2-46 and 2-47. The peaks present in the CSD between throat and combustor
are at essentially the same frequencies as those between axial stage and combustor
though they are not quite as distinct. Further, only the peak at 22 Hz seems to be
present in the CSD between throat and axial stage.
2.4 Discussion of Results and Conclusions
A series of experiments has been completed in an attempt to statistically characterize
the random internal flow processes of an aircraft gas turbine engine. It was deter-
mined that rotating stall was not present in the vaned diffuser prior to surge, and
therefore did not trigger surge in this engine. Although similar studies carried out
on turbocharger rigs exhibited steady growth of a one-dimensional oscillation leading
to surge, no such behavior was observed in the data presented here. Rather, the
surge event was rather abrupt with a growth time scale of only 2-5 ms. The ab-
sence of an interval of growing sinusoidal disturbances indicates that either lumped
parameter models which predict such behavior are inadequate for use in an engine, or
that non-linear effects such as system noise have a significant impact on the engine's
hydrodynamic stability.
Spectral analysis methods were employed to characterize the frequency content
of various time-resolved signals from the engine as well as to identify frequencies
which exhibited growing amplitude during the transition to surge. Analysis of the
data revealed that the unsteady flow processes inside the LTS-101 are not broadband,
with significant signal power only below 100 Hz.
The power spectral density of various internal flow pressures were also plotted
versus time in waterfall plot format. This presentation allows observation of the
variations of both spectral content and amplitude with time as the surge event ap-
proaches. It was found that the statistics of the internal flow phenomena were not
stationary. In general, the spectral content of all measurement locations seemed to
change in a consistent manner, increasing in amplitude roughly 250ms prior to surge.
This jump was preceded by distinct bursts of increased amplitude. The lack of any
clear growth of spectral amplitude at one distinct frequency, however, makes it impos-
sible to identify any growing oscillation which leads to surge. One conclusion which
can be made, however, is that the level of unsteadiness present in the engine seems
to increase prior to surge, but not until the final half-second or so.
By using information from transducers at different engine locations, cross-spectral
densities were computed as surge approached. This tool identified two distinct fre-
quencies whose amplitude grew just prior to surge in the CSD between axial stage
and combustor. The absence, or weak presence, of this behavior in the other CSD's,
however, makes it difficult to make a definitive judgement as to whether oscillations
at the identified frequencies actually grow into surge, or are simply an artifact of the
increased noise levels in the engine.
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Figure 2-30: Comparison of Stable Operating Point and Near Surge Axial Stage
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Figure 2-32: Comparison of Stable Operating Point and Near Surge Inlet Velocity
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Figure 2-33: Comparison of Stable Operating Point and Near Surge Vibrational Spec-
tra, Pt A Near Surge (solid), Pt B Stable (--)
10 102
Frequency (Hz)
Figure 2-34: Comparison of Near Surge and Surge Inception Combustor Spectra from
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Figure 2-35: Comparison of Near Surge and Surge Inception Combustor Spectra from
Transducer at 900, Pt A Surge Inception (solid), Pt A Near Surge (--)
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Chapter 3
Fluid Dynamic Actuation
3.1 Introduction
Any control system requires an actuator to impose unsteady perturbations of sufficient
magnitude to maintain control of the system dynamics. Moreover, a minimum of
phase lag between command and response within some bandwidth inherent to the
system under control is desirable. A rough magnitude of reference for required control
power is often taken as the system noise level.
In this chapter, the characteristics of a fluid dynamic actuator designed for use
in the LTS-101 are described. As will be shown, this use of the term "actuator"
is fundamentally different than the common usage in that it includes not only the
dynamics of an electro-mechanical valve (limited by inertia, coil inductance, etc.)
but also the fluid dynamics in the connecting flow system. The actuation system
under study is implemented for forced response tests described in Chapter4 and was
also used in a first attempt at active control of surge. A complete description of the
actuator is given in section 3.2. Briefly, actuation is achieved by injecting air through
slots at the throats of the vaned diffuser. Both a lumped parameter and acoustic
model of the actuator fluid dynamics is developed and compared with experimental
data obtained on an actuator test stand. The objectives of this study were to:
* Evaluate the level of non-uniformity present during steady injection.
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* Determine the throttling characteristic of the flow system.
* Identify the important flow system dynamics.
3.2 Actuator Description
The vaned diffuser in the LTS-101 is machined with slots at the geometric throat
of each vane channel as illustrated in figure 3-1. Each slot connects the throat to
a small cavity (referred to as the vane plenum) inside it's respective diffuser vane.
All 24 cavities, and therefore slots, are manifolded together via an annular plenum
(referred to as the main plenum) whose inner wall serves as the centrifugal impeller
cover as shown in figure 3-2. The practice of connecting throats as described is known
to have a stabilizing effect on compression systems with vaned diffusers. This design
feature is exploited here for use as part of the actuation system. Machining a port in
the outer wall of the impeller cover gains access to the main plenum. Attaching an
external air supply and high speed valve to this port makes it possible to modulate a
flow of air into the main plenum, to each of 24 vane plenums, and out of the slots in
a direction normal to the primary flow at the the diffuser throat. This was the type
of actuation considered by McNulty [15] whose work served as the analytical basis
for designing this scheme. In addition to adding massflow, injection into the diffuser
changes the total pressure of the flow and therefore the massflow thru the diffuser.
In [15] the air injected through the throat slots was considered to have two separate
effects: an increase in throat blockage and a mixing loss. Based on the assumption
that the injection slots were choked such that the total injection massflow was equal
to 5% of the nominal engine flow, the loss in total pressure recovery in the diffuser
was estimated to be between 11 and 23% due to an increase in blockage and 5% due
to mixing.
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3.3 Modelling Actuator Dynamics
The importance of actuator dynamics in the design of any feedback control system
is well known. As stated in the introduction, the actuator under consideration here
consists of not only the electro-mechanical dynamics of a valve, but also the fluid
dynamics of the flow path from valve exit to the diffuser vane slots. For now, it is
assumed that the valve dynamics are known so that attention may be placed on the
feed system fluid dynamics.
The actuator under evaluation here is to be used for dynamic control of surge.
Since surge is a one-dimensional instability (the flow oscillates axisymmetrically in
the axial direction) it is desirable to have an actuator which imparts one-dimensional
perturbations on the engine. Specifically, this implies that since the injection flow
is being introduced through a circumferential array of injector slots we would like
for both the magnitude and phase of the injection to be uniform around the annulus
(referred to as the 0 direction). Some global lag between the valve position and
injection velocity is acceptable, however, it is desirable that the injection from any
two slots be in phase to avoid introducing asymmetries which may lead to rotating
stall.
To characterize the dynamics of the injection flowpath, a combined analytical
and experimental approach was taken. The following two sections describe a lumped
parameter and acoustic model which constitute the analytical phase of this study.
3.3.1 Lumped Parameter Model
The lumped parameter model developed in this section is based on the geometry
illustrated schematically in figure 3-3. The system modelled consists of a constant
pressure supply with total pressure sufficient to choke the valve it feeds. A feed pipe
connects the valve to the main plenum which feeds 24 orifices leading to each vane
plenum in each diffuser vane. The flow exits the vane plenum through a slot located
at the diffuser throat. The station numbers given in figure 3-3 are explained below.
The objective here is to develop a transfer function description of the dynamics
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Station# Description
0 Reservoir Stagnation Conditions
1 Valve Entrance
2 Valve Exit
3 Feed Pipe Exit
4 Feed Orifice Inlet
5 Feed Orifice Exit
6 Vane Slot
7 Diffuser Throat
Table 3.1: Description of Station Numbers in Lumped Parameter Model of Injection
Flowpath Geometry
between valve position and massflow through the vane slots. In order to develop a
model of these dynamics, a set of assumptions is made regarding the behavior of
elements in the system.
Modelling Assumptions
The modelling assumptions made are:
* The modulation valve is choked such that the massflow through the feed pipe
may be commanded.
* The feed pipe has no compliance.
* Fluid in the main plenum is compressible, has negligible velocity and inertia,
and uniform pressure.
* The flow through the orifices (24) which connect the main and vane plenums
has negligible inertia.
* The orifices act as pure resistance.
* Fluid in the vane plenums is compressible, and has negligible velocity.
* Flow through the vane slots is compressible with negligible inertia.
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* Static pressure fluctuations at the diffuser throat have a negligible effect on flow
through the vane slots.
Component Modelling
Valve
The valve is modelled as a choked orifice of variable area. The massflow rate,
therefore, is given by:
Po/T A F(y) = V 2 (3.1)Po Av 2
The relationship between massflow and area fluctuations, then, is:
I Po
m = F(7)A, = mAv (3.2)
Feed Pipe
Since the valve is assumed choked, the instantaneous massflow through the feed
pipe must equal that through the valve, that is:
ni3 = ni, (3.3)
The implicit assumption here is that the feed pipe has no compliance so that
acoustic behavior is not important. This assumption holds as long as the product of
flow Mach number and reduced frequency is small [13], that is:
WRM << 1 (3.4)
The reduced frequency is defined as:
wusL
WR - wu (3.5)U
where, wvs is the maximum frequency of interest, L is the feed pipe length, and
U is the mean flow velocity in the feed pipe.
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Main Plenum
The main plenum is modelled as a lumped volume which appears as compliance
to the system. Conservation of mass in the plenum can be expressed as:
dd (VmpP) 3= i - Nri 4  (3.6)
Assuming isentropic compression, this can be written as:
Vm dP _ dPm dPm = R, = h3 - Nin4  (3.7)
a2 dt dtmp
Where N is the number of feed ducts (24) and 7h4 represents the flowrate into an
individual feed orifice.
The implicit assumption being made here is that the pressure is uniform through-
out the volume. This will be true given that the conditions stated in 3.4 and 3.5
(where L now represents the plenum duct length) hold in the plenum.
Feed Orifice
The 24 feed orifices leading from the main plenum to the vane plenums are mod-
elled as sharp edged orifices. Assuming turbulent flow, the orifice pressure drop is
modelled as an entrance flow loss from an infinite reservoir to a constant area duct.
Reference [9] gives an expression for this loss as:
2
P4 - Ps = m (3.8)
4pA2
Where Ao is the orifice area. Linearizing this equation about some mean flow
gives:
P4 - P5 = 2 4? r 4 = R 2mi4  (3.9)
Vane Plenum
The vane plenums inside of each vane are modelled similarly to the main plenum.
The conservation of mass for the vane plenums can be written as:
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VVP dPvp dP
SR d P  = nis - Nrh6  (3.10)
a2 dt dt
Vane Slots
The vane slots are modelled as orifices with compressible flow so that:
ns, = PTT6Av MM, + (3.11)
Under the assumption that the slot exit static pressure is equal to the diffuser
throat pressure (the slots are just choked) the slot Mach number can be written as:
MS 2 PT6. (3-12)M, = - 1 (3.12)
For use in a linearized model, 3.11 and 3.12 are combined. Fluctuations in jet
massflow may then be expressed as a function of PT6 by implicitly differentiating the
resulting equation with respect to PT6. The resulting equation for "'9' is rather long,8 PT6
and may be found in Appendix C. Here, the equation is represented simply as an
impedance, which relates fluctuations in jet massflow and vane plenum total pressure:
-, PT6 = CPT6  (3.13)
aPT6
Equations 3.2 3.7 3.9 3.10 3.13 may then be combined to give the desired transfer
function:
mC
s R1R2R3 R31- RIR2R3
Estimates of the various constants in 3.14 are presented in appendix C. After
substituting in values for the constants, it was found that only one of the two poles in
3.14 is important. The other pole is about two decades higher in frequency and will
likely not be encountered in the current work. A bode plot of the predicted transfer
function is given in figure 3-4. As can be seen, the dynamics of the injection flow
path act as a first order system. The response roll-off is associated with the "fill time"
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effect of the main plenum indicating that the volume of this plenum is the limiting
factor in actuator response.
3.3.2 Acoustic Model
Preliminary experimental work indicated transfer function peaks not predicted by
the lumped parameter model. This observation led to the development of an acoustic
model presented here. The approach taken here is to model the main plenum vol-
ume as a quarter wavelength acoustic duct. The essential features of this model are
illustrated schematically in figure 3-5. Massflow perturbations introduced at 0 = 0
are assumed to separate equally in the +0 and -0 directions. Further, the acoustic
behavior is assumed to be symmetric such that no massflow perturbations can exist
at 0 = 1800. As such, the duct may be modelled by placing a solid wall at 0 = 1800 as
shown in figure 3-6 and replacing the mass injection process by a piston which com-
mands fluid velocity at 0 = 00. The main plenum, therefore, is modelled as a closed
end duct of length L = 7D for 00 < 0 < 1800. An identical closed end duct replaces
the main plenum for 1800 < 0 < 3600. Note that the mass flux through the feed
orifices has been ignored along with the fact that there is some mean velocity present
in the duct. Neglecting the mass flux is reasonable provided that the impedance seen
by pressure fluctuations at the feed orifice openings is sufficiently high. In this case,
the orifices essentially look like a solid wall to acoustic disturbances. The assumption
of zero mean velocity can be shown to hold provided that the Mach number in the
main plenum is much less than one, as is the case here. Given these assumptions, the
linearized equations of motion can be written as the one-dimensional wave equation
as described in [4].
02P 1 02p
= 0 (3.15)02x a2 02t
Solutions to 3.15 may be written in terms of two unknown constants, and duct po-
sition z. This solution is written below in transmission matrix form for any arbitrary
position z in the duct:
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_= e - e-a B eiwt (3.16)
pa, e--a -e-- C
At x = L this can be written as:
PL -iWe iW' [ B eiwt (3.17)
paUL e- i w"  -e iw r  C
where r - L
a
Solving for the constants and back substituting gives an expression for pressure
and velocity at any location x in terms of those at x = L:
cos ( ) jsin(r-)W I[ L I ewt (3.18)
paU [ jsin (7- w cos (- w paUL
Invoking the boundary condition that UL = 0 and simplifying then gives a transfer
function between the pressure at any location x and the velocity at x=0.
P cosw (r- -
-M _ pa . (3.19)
Uo j sin wr
The length of the duct was measured to be 14 inches. Using the duct length and
speed of sound, the transfer function from inlet velocity to pressure may be evaluated
at any location in the duct. For convenience, the location in the duct will be indicated
by an angular position 0 where x = L is taken to be at 0 = 1800. Figure 3-7 gives
the transfer function at 0 = 300 as an example. This transfer function indicates
that a complex conjugate pair of zeros is encountered at approximately 300 Hz while
a resonance occurs at 500 Hz. This pattern simply repeats itself as the frequency
increases with a phase shift of +1800 at each pair of zeros and -180' at each pair of
poles. Note that at low frequency the magnitude tends to infinity. This is the result
of the boundary condition imposed on the flow at x = L. Since no flow can occur
at the solid wall but the fluid moves as a slug at low frequency the model is simply
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reflecting that it would take infinite pressure to move a slug of fluid through a solid
wall. As we will see in the results section of this chapter, this inconsistency makes
it necessary to refer to the lumped parameter model for a lower range of frequencies
and the acoustic model for the higher range of frequencies.
3.4 Experimental Test Setup
In order to assess the validity of the lumped parameter and acoustic models, an LTS-
101 impeller housing and vaned diffuser supplied by Lycoming was set up on a test
bench. A rotary valve fed by the lab air supply provided forcing to the diffuser rig
via a port in the impeller housing outer cover. The valve was removed during steady
injection tests. A photograph of the rig is shown in figure 3-8. Note that, during these
tests, no mean flow was present through the diffuser channels as would be supplied
by the impeller in an engine.
3.4.1 Instrumentation
Various time-average and time-resolved measurements were made during the diffuser
rig tests. Average injection flow was measured with a Fisher and Porter model
10A3555A rotameter rated at 17.5 SCFM and corrected with inlet pressure and tem-
perature read from a 0-100 psig dial gauge and type K thermocouple respectively.
Ambient pressure was measured by an 800-1000 mmHg Setra digital pressure gauge.
The pressure drop across the diffuser rig during steady injection was measured by a
0-100psig Setra digital pressure gauge.
Time-resolved measurements were made at four locations during the diffuser rig
tests: valve exit velocity, slot exit velocity, main plenum static pressure, and vane
plenum static pressure. Dantec 5p1 m type 55-Pll miniature hotwire probes were
used to measure both valve and jet exit velocities. These hotwires were aligned
perpendicular to the measured flow and were connected to Dantec Model 56C17
CTA bridge anemometers. One hotwire was used exclusively to measure the valve
exit velocity (excitation) while two others were moved to various vane slots to measure
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Vane# 1 7 11 13 19
E 400 1300 1900 2200 3100
Table 3.2: Instrumented Vane Plenum Positions
the jet velocity there. The hotwires were calibrated prior to testing using King's Law:
(VoltageOutput)2 = A + BU (3.20)
Static pressure fluctuations in both the main and vane plenums were measured
with the Kulite XCQ-062-250G transducers described in chapter 2. Calibration was
accomplished by connecting vacuum to the back side of the diaphragm and assuming
that a one atmosphere differential pressure was being applied to the gage. The Kulites
were connected to the two plenums via male AN fittings brazed to a tap which could
be threaded into the wall material enclosing a given plenum. These taps were tested
with the tap dynamic test rig described in appendix B and found to have a flat
response out to 500 Hz.
Ten threaded holes in the main plenum and individual vane plenums provided
measurement locations. The specific main plenum tap positions chosen are indicated
in figure 3-9 with respect to the injection point. These taps are labelled with the
prefix MP and a numerical suffix which indicates their angular position relative to
the injection point as shown. Figure 3-1 illustrates the instrumented vane plenums.
Note that these were selected in locations coincident with measurement locations in
the main plenum for comparison. Also note that the numbering convention presented
in figure 3-1 is the same as that introduced in Chapter 2. The vane plenum positions
were determined by the method discussed in Chapter 2 as well and are given in table
3.2.
The experimental transfer functions presented in this chapter were produced by a
Hewlett Packard 3582A spectrum analyzer. The spectrum analyzer reads command
and response signals, performs a Fast Fourier Transform on the two sequences, and
computes the spectral content of each signal as a function of frequency. The transfer
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function relating the two signals is then displayed along with the coherence which
is a measure of signal to noise ratio [20]. These three functions (magnitude, phase,
and coherence) were then read to an IBM PC-AT via a IEEE-488 interface bus for
subsequent plotting and analysis. In addition, samples of time-resolved data were
recorded with the high speed data acquisition computer described in Chapter2.
3.5 Experimental Data
The data presentation is divided into two sections: steady injection and forced re-
sponse. Steady state measurements were used to determine the level of injection
uniformity and static pressure drop through the injection flow path. Time-resolved
data acquired by the HP3582A spectrum analyzer provided transfer functions between
various pressure and velocity signals.
3.5.1 Steady Injection
In order to assess the uniformity of injection between the 24 vane slots, steady injec-
tion tests were carried out at mean flow levels ranging from 0.0094 kg/s to 0.0854 kg/s.
It was found that the level of injection non-uniformity was highest with the maximum
mean flow rate, and therefore these results will be presented here. Kulites installed
at the main plenum taps were used to measure static pressure at their respective
stations.
For sharp-edged, unchoked orifices the functional relationship between massflow
and pressure drop may be expressed as:
AP oc m 2  (3.21)
From the above equation, we can infer that the ratio of local massflow to mean
massflow may be found by taking the square root of the ratio of local pressure drop
to the mean drop. A plot of this ratio versus angular position in the main plenum
is given in figure 3-10. This plot indicates that the massflow through any one slot
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should not vary more than ±3% from the mean. Since this roughly corresponds to the
accuracy of the Kulites, the measured non-uniformity was judged to be acceptable.
The throttling curve for the injection flow path was also measured during the
steady injection tests. After setting the mean flow rate, the static pressure drop from
main plenum inlet to atmosphere at the vane slot exit was measured. The results
of this test are shown in figure 3-11 which also gives a least squares fit of the data
to a second order polynomial. This fit to the throttling curve implies a CDA of
7.28 x 10- s m 2 where:
CDA =PF )
PoF (7)
3.5.2 Forced Response Testing
Forced response testing was done over a mean flow range from 0.0026 to 0.023 kg/s.
The maximum mean flow rates tested were reduced from those of the steady injection
tests to the protect the hotwires. Testing at different flow rates, however, had little
effect on the general shape of the measured transfer functions. Since features of the
transfer functions tended to stand out better for tests with a high mean flow, though,
results from such tests are presented here.
Early tests indicated that the dynamics associated with the feed orifices, vane
plenums, and vane slots were negligible compared to that of the main plenum. Below
200Hz, transfer functions between valve exit velocity and vane slot velocity were in
phase to a few degrees and less than 5% dissimilar in magnitude from one between
valve exit velocity and main plenum pressure at the same circumferential location.
This is consistent with the prediction made from the lumped parameter model, and
led to most of the focus being placed on the main plenum dynamics.
The results of forced response testing are given in figures 3-12, 3-13, 3-14, 3-15.
These plots give the magnitude, phase, and coherence obtained between valve exit
velocity and main plenum pressure at various annular locations along with the pre-
diction made with the lumped parameter model of equation 3.14. As shown, the
lumped parameter model only gives good agreement up to about 120Hz. Above this
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frequency acoustic behavior is encountered giving different effects at each angular po-
sition. For positions less than ±900 from the injection point, an attenuated response
is observed at some frequency followed by a resonance near 440Hz. The other half
of the annulus, however, does not behave in the same manner as the attenuation is
not observed prior to the resonant peak. Comparison between a transfer function
taken between +900 and one near 1800 may be made in figure 3-16. These features
of the dynamic response are due to the acoustic behavior of the main plenum duct
as modelled earlier in this chapter. The implication of this type of behavior is that,
near the acoustic resonant frequencies, the level of injection modulation will be sig-
nificantly lower near 0O than it will near 1800. The resulting injection asymmetry
is undesirable for one-dimensional actuation. Figures 3-17, 3-18, 3-19, 3-20 give the
transfer functions overlaid with that predicted by equation 3.19. As can be seen, the
acoustic model is capable of predicting the frequencies at which standing waves occur
in the main plenum.
To illustrate the effect of acoustic behavior on the modulation of injection flowrate
from the vane slots, sample hotwire traces measuring the vane slot injection velocity
will be given. In figures 3-21 and 3-22 a trace of the jet velocity from vane 11 (at
1900) is plotted versus time for forcing frequencies of 100 Hz and 250 Hz. The plots
indicate that velocity modulation defined as:
%Modulation = - U 100% (3.22)
Uma,~, + Umin,,
is near 100% in both cases. Figures 3-23 and 3-24 show the jet velocity from vane
23 (at 100) for the same forcing frequencies. In this case, the modulation drops from
65% to 37% as the forcing frequency changes from 100 Hz to 250 Hz. In addition
to the attenuated response, a strong second harmonic is present due to the acoustic
resonance. This behavior ceases as the excitation frequency is either raised of lowered.
It is not clear what effect the presence of higher harmonics will have on the engine's
response to unsteady forcing.
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3.6 Discussion and Conclusions
Steady state and forced response testing has been carried out to characterize the
steady and unsteady fluid dynamics of an actuator designed for use in the LTS-101.
A circumferential nonuniformity in steady injection massflow of less than 3% was
found which is considered acceptable here. Acoustic resonances were found to cause
spatial non-uniformity in injection levels when the actuator was forced at it's reso-
nant frequency. It was found that if the actuator was forced at it's acoustic resonant
frequency, oscillations in main plenum pressure were attenuated for circumferential
locations within ±900 of the main plenum injection point. At locations opposite this,
however, no such attenuation occurred. Since it is the main plenum static pressure
which drives flow through the vane injection slots, attenuated pressure fluctuations
resulted in a reduced modulation level of diffuser throat injection massflow. Specifi-
cally, modulation levels within ±900 of the main plenum injection point were found
to be as much as 63% lower than those at a point 1800 away. Further, it was found
that injection pulses from vane slots opposite each other could be as much as 1600
out of phase above 200 Hz. The end result is that actuation will be, to some de-
gree, asymmetric depending on the required forcing frequency. Initially, it was feared
that the asymmetry may serve as a triggering mechanism for rotating stall in the
vaned diffuser. During the forced response tests described in chapter 4, however,
no evidence of this triggering mechanism was found. Since the acoustic resonances
occurred slightly above the Helmholtz frequency predicted by McNulty [15], though,
the actuator performance was deemed acceptable.
Measurements of the actuator's forced response have shown that although a lumped
parameter model captures the system dynamics below 100 Hz, acoustic behavior is
important above 200 Hz. Good agreement was obtained between theory and ex-
periment implying that the physical processes within the injection system are well
understood. Such a model may, therefore, be used during the preliminary design of
actuation systems with similar geometry.
Although the acoustic resonances identified in these tests did not have an impact
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on any of the forced response testing of the LTS-101, this phenomena is likely to
present itself again as work on active control is extended to other geometries and
designs. In particular, if feed ducts having a length on the order of an acoustic wave-
length at the engine's natural frequency are necessary, the acoustic response of the
system must be accounted for during the actuator design process. Several meth-
ods of damping acoustic resonances were considered during the work presented here
including acoustic linings as well as attaching a Helmholtz resonator or coupling a
mass-spring-damper to the main plenum duct. Of these, the acoustic lining seemed
most attractive since it could be placed inside of the existing duct and would not
add extra volume to the overall package. The drawback of this solution, however,
is an increase in the pressure drop incurred through the flow path. The Helmholtz
resonator and mass-spring-damper concepts could work, but they would have to be
tuned properly to have the desired effect. Moreover, attaching such a device would
increase the size of the actuation system which is undesirable in an already crowded
jet engine environment. The other option, of course would be to use multiple actu-
ators which would also add size, but would likely have less risk than the resonator
or mass-spring-damper ideas. The need to deal with this problem at all, however,
will ultimately be a question of the impact of non-uniform actuation on engine sta-
bilization. Since the sensitivity of the engines in consideration here to non-uniform
actuation is not known, this will have to be dealt with application by application.
For now it seems to be an issue of little importance with regards to the LTS-101.
116
310
deg
* Vane Plenum Tap
Figure 3-1: LTS-101 Vaned Diffuser
117
Annular Sup ily I' i, it ji'ln
(Inpellef C ve)
Diffuser 1 u)licite
& Supply OrIli:W7,m
Inbleed From
High Speed
Valve
I)dtufse Vn il;
I-,CD
,--4
Io
00p0n
As
67
VANE PLENUM
Figure 3-3: Lumped Parameter Model Geometry
119
20
.9 0
-20
10 102 10310
8 100
0 
. . . ...
, .
.
no -100 --
10' 102 3
Frequency (Hz)
Figure 3-4: Lumped Parameter Prediction of Injection Flow Path Dynamics
120
INJECTION FLOW
Figure 3-5: Acoustic Model Geometry
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Figure 3-6: Equivalent Acoustic Model Geometry
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Chapter 4
Forced Response Testing
4.1 Introduction
The dynamic behavior of systems in nature are often due to very complex, sometimes
random, behavior which may not be fully understood. In order to characterize this
behavior mathematically, two tools are available. The first is a mathematical model
which normally ignores the dynamics which are thought to have little importance. The
second tool is experimental data taken from the system during unsteady operation.
In this chapter, we make use of both sources of information in an effort to characterize
the hydrodynamic stability of an LTS-101 gas turbine engine.
In order to do any type of forced response testing, an actuator is needed. The
actuator used to acquire the data presented in this chapter was described and studied
in chapter 3. Briefly, this actuator injects air through slots at the throat of the diffuser.
The injection is intended to be axisymmetric so that the actuation is one-dimensional.
For further information on the actuator, reference chapter 3.
Before attempting to force the engine, it is desirable to characterize the effect of
steady state actuation (diffuser throat injection) on the engine performance. Thus,
the first section of this effort was dedicated to this task.
After characterizing the effect of steady state actuation, forced response tests were
carried out. The analysis of the forced response data made use of both parametric and
non-parametric methods of system identification. The primary difference between the
141
two is that a non-parametric method requires no knowledge of the form of transfer
functions between various dynamic processes (pressure, velocity, etc.) throughout
the engine. A non-parametric method simply makes use of forced response data
to estimate these transfer functions, thus giving a mathematical description of the
system dynamics. The mathematical process used to do this is described in paper
by Wellstead [20]. A parametric method, however, requires some model to give the
form of transfer functions being examined. Given the model, such a method may
be used to estimate physical parameters in the model which would otherwise be
unknown. Such a description is particularly desirable for use in controller design. In
this chapter, non-parametric methods will first be used to generate a transfer function
between actuation and engine response and then a parametric method will be used
in conjunction with a lumped parameter model to estimate, among other things, the
engine's damping ratio and natural frequency.
The objectives of this chapter are as follows:
* Experimentally characterize the effect of steady injection at the diffuser throat.
* Experimentally characterize the effect of unsteady injection at the diffuser
throat on engine dynamics.
* Use non-parametric system identification methods to experimentally determine
a mathematical description of the hydrodynamic stability of an aircraft gas
turbine engine.
* Obtain estimates of the engine's natural frequency and damping ratio from
experimental data.
4.2 Experimental Setup
The experimental setup used in acquiring the data presented here is essentially the
same as that described in chapter 2. The only modification made on the LTS-101 was
a port machined in the impeller cover to allow access to the main injection plenum
as described in chapter 3.
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For steady injection tests, the air supply was connected directly to the main
plenum port and controlled with a gate valve positioned outside the test cell. For
forced response testing, a high speed valve designed and tested by Roland Berndt [3]
was mounted to the injection port. This valve is actuated by a modified force motor
manufactured by the Moog company. The valve is commanded with a ±5V signal
which moves it from the fully open to fully closed position.
In order to acquire forced response data at a range of frequencies, the high speed
valve position was commanded with a Wavetek model 166 sweep generator. The
signal generator was configured to provide a linear frequency sweep between 5 and
200 Hz.
The air supply used in both steady injection and forced response testing was the
lab oil free air supply. This supply is capable of providing 750 SCFM at 100psig.
Connection between a main supply line and the engine was made with a thirty foot
length of 2 inch diameter industrial rubber hose.
4.3 Instrumentation
The instrumentation and data acquisition used for this chapter is essentially the same
as that described in chapter 2. The only differences were associated with measurement
of the diffuser throat injection.
4.3.1 Steady State
All measurements made to determine the engine operating point were identical to
those described in chapter 2. In addition to these, the mean injection flow rate
during steady injection testing was measured with a Fisher Porter model 10A3555
rotameter rated at 17.5 SCFM maximum flow. For forced response testing, the mean
airflow rate was measured with a Fisher Porter model 10A3555 rotameter rated at
99 SCFM. The rotameter inlet temperature and pressure were used to correct the
indicated flow rate through the rotameter. Inlet temperature was measured with
a type K thermocouple while inlet pressure was measured with a Wallace Tiernan
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300psig pressure gauge.
4.3.2 Time Resolved Measurements
In addition to the time resolved measurements described in chapter 2, the unsteady
pressure in four of the vane plenums was also recorded. Connection to the vane
plenums is made through annealed stainless steel taps identical to those located at
the diffuser throat. As mentioned in appendix B, these taps have negligible dynamics
below 300 Hz. Kulite model XCQ-062-250G 250psig transducers were connected to
the four taps in a manner identical to that described in chapter 2. The location of
the four instrumented vane plenums is given in figure 4-1 along with the location of
the throat taps discussed previously. During forced response testing, the high speed
valve position was also recorded.
4.4 Experimental Procedure
After starting the engine and allowing it to warm up, the engine was accelerated to
95% corrected speed where all testing was carried out. All tests began with the exit
nozzle fully open so that the compressor was operating in the choked region at the
far right of it's steady state operating map. After again allowing the engine to warm
up to it's normal operating temperature, planned tests were carried out.
For steady state injection tests, data was taken at selected intervals of inlet mass-
flow rate and injection flow rate. Starting with the nozzle fully open and the injection
air supply off, a thirty second interval of data was taken by marking the steady state
data acquisition record. The air supply was then opened and several sets of data
were taken, each at different values of injection massflow. Each set of data was thirty
seconds long giving approximately thirty data points. Following the completion of
testing at a particular inlet flow rate, the nozzle was closed to the next desired oper-
ating point. Prior to acquiring the next set of data, the engine speed was adjusted to
maintain 95% if necessary. No corrections to engine speed were made once testing at
a given inlet flow rate began. After testing over the desired inlet and injection flow
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rates, the nozzle was re-opened, and the engine shut down. Steady state data records
taken by the engine control software was then available for analysis. The engine never
surged during steady injection tests, but was moved as close to the nominal surge line
as considered safe.
For forced response testing, the engine was once again started and accelerated to
95% corrected speed where all testing was carried out. Once the engine was found
to be operating normally, the air supply was turned on and the high speed data
acquisition computer prepared for use. After triggering the A/D, the sweep generator
was activated causing the valve to excite the engine over a predetermined frequency
range. Each frequency sweep took approximately 20 seconds. After the sweep was
complete, the exhaust nozzle was closed until the inlet flow rate reduced to a desired
level. The data acquisition process was then repeated at each desired operating point
while engine speed was maintained at 95% speed. No changes in the engine operating
condition were ever made by the operator during data acquisition. After testing was
finished at each point selected on the engines nominal operating map, the exit nozzle
was opened and the engine shut down.
4.5 Experimental Data
In this section, results of the forced response testing completed on the LTS-101 are
presented. We begin by giving results of steady state injection tests which are used
to characterize the effect of diffuser throat injection on the steady state compressor
characteristic. The ability of the actuator to impose perturbations on the engine
is also examined to characterize the control power possible through diffuser throat
injection.
Following the steady injection results, time-resolved data taken during forced re-
sponse tests will be used to identify the LTS-101 hydrodynamics experimentally. This
non-parametric identification of the system dynamics will be followed by fitting a
lumped parameter model to the engine transfer functions. The system identification
and parametric model fits will each be carried out at three points on the LTS-101
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operating map. The three points were chosen to illustrate how the system dynamics
change between choke (high flow) and surge (low flow).
4.5.1 Steady Injection Tests
Prior to forced response testing, a series of tests were carried out to characterize
the effect of diffuser throat injection on the LTS-101 compressor characteristic. It is
desirable to have a description of the effect of injection over the full operating range
of the engine at 95% corrected speed, and a test plan was chosen accordingly.
The results of the steady injection tests will be given in compressor map format
as illustrated in figure 4-2. At each nozzle setting, the first data point is taken
with zero injection flow. The effect of diffuser throat injection on the compressor
characteristic at each steady state operating point will be given by a series of data
points, each taken with a different level of steady state injection. The effect of steady
diffuser injection on the engine's operating map is given in figure 4-3. Each point
given in figure 4-3 was found by computing the mean flow rate and pressure ratio
from a cloud of data points taken during the thirty second test period. As can be
seen, injection has relatively little effect on compressor pressure ratio at the choked
operating condition given as point SSE (this denotes Steady State injection point
E) with increasing effect as the nominal operating point moves toward surge. This
simply means that the engine becomes more sensitive to diffuser throat injection as
the operating point is moved toward surge. A larger effect on the inlet massflow is
observed at all operating points. It was found that by injecting air at the diffuser
throat, flow through the impeller was partially blocked thus reducing the inlet flow
measured at the bellmouth. This effect can be examined by adding the injection flow
rate (measured with a rotameter) to the inlet flow rate measured by the bellmouth.
The effect of this correction is given in figure 4-4. Here, the normalized compressor
pressure ratio is plotted versus total compressor massflow (inlet plus injected). As
can be seen, the corrected massflow is still not constant with the total corrected flow,
decreasing slightly with increasing injection levels. This may be explained by the
fact that injecting cold air (at roughly 250C) into the diffuser lowers the combustor
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Operating Point I %ArhiJaet %APR
SSA 1.2% -1.27% -0.107%
SSB 1.2% -1.41% -0.139%
SSC 1.3% -1.68% -0.776%
SSD 1.3% -1.95% -0.761%
SSE 1.3% -1.99% -0.731%
Table 4.1: Steady State Injection Results
inlet temperature. Further, the combustor inlet total pressure also decreases with
increasing injection. Since the turbine inlet guide vanes are choked, the turbine
corrected flow is constant and the actual massflow through the turbine is merely a
function of combustor total temperature and pressure. These two effects compete
with each other to alter the turbine flow rate as indicated by the following relation:
PB
rT cP (4.1)
Using this relation, the total inlet flow rate may be corrected for varying combustor
total temperature and pressure. The result of this correction may be seen in figure 4-
5. A summary of the results of steady injection tests may be found in table 4.1 which
lists test location, maximum injection flow rhNJ as a percentage of engine flow with
zero injection mho, maximum percent change in inlet bellmouth flow, and maximum
percent change in pressure ratio. Note that all percentage changes are referenced to
the nominal operating point with zero injection, for example:
%APR = PRI JAv=O - PRmINJ 100%
PRrhINJ=o
As seen in table 4.1, the maximum change in pressure ratio was -0.776% at an
injection ratio of 1.3%. This is roughly 20% lower than the value calculated by
McNulty [15] in an analytical study of this actuation scheme. The reason for this
discrepancy was found to be due to significantly lower values of injection momentum
147
in the tests relative to that in the analysis resulting in reduced throat blockage. The
ratio of injection to freestream momentum has been found by many investigators to
be the parameter of most importance for jet penetration into a freestream flow [1].
During his analytical study, McNulty used a value near unity for this parameter since
the injection slots were assumed to be choked. In the experimental tests, it was found
that the slots could not be choked given their physical dimensions and the available
feed pressure. Specifically, it was discovered that the ratio of total injector slot area
to main plenum inlet port area was of order one. Further, the orifices which connect
the main plenum to the vane plenums have a total area of about half that of the vane
slots. With these physical dimensions, the slot exit mach number will obviously be
limited by choking of upstream local area minimums.
The maximum injection to freestream momentum ratio achieved during steady
injection testing was calculated to be 0.005. At this level, the fluid is essentially drib-
bling out of the slots and the total pressure loss across the diffuser is most likely due
solely to mixing or blockage. McNulty estimated the mixing loss due to injection nor-
mal to the diffuser throat by using the following equation derived from compressible
flow theory:
=- P  -y M 2  rhINJ (4.2)
PO,th rth fa
Where "ex" and "th" denote the diffuser exit and throat locations. Assuming
a diffuser throat mach number of 0.85 near surge gives a 1% loss in total pressure
for a 1% ratio of injection to freestream flow rates. This is on the same order of
the measured 0.7% loss in total pressure ratio with a 1.3% injection flow rate. We
therefore conclude that the throat blockage mechanism for diffuser total pressure loss
played, at most, a secondary role in the injection experiments and that mixing losses
were primarily responsible for the observed alterations in compressor pressure ratio.
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4.5.2 Forced Response Tests
Forced tests were carried out at the steady state operating points indicated in figure
4-6. Because some steady state flow was always required to cool the high speed valve
and prevent backflow, causing the measured operating point to shift slightly, the
points shown are approximate. As can be seen, the operating points were chosen to
determine the engine's response to unsteady diffuser throat injection at three places
over the stable flow range. It is important to note that the data at FRA (Forced
Response point A) was taken just seconds prior to surge.
We begin by presenting samples of raw data traces at the three operating points for
two excitation frequencies. Figures 4-7 and 4-8 give traces of various engine pressures
normalized by the local mean pressure at 15 Hz and 35 Hz respectively as recorded
at the near surge operating point, FRA. The traces given in these figures are, from
bottom to top: Diffuser Vane Plenum at 1450, Axial Stage at 2050, Diffuser Throat
at 850, and Combustor at 00. At 15 Hz excitation in figure 4-7, the response in
the combustor is clear and 1800 out of phase with the injection flow while all other
pressures are in phase. Figure 4-8 shows that the engine response is attenuated as
the excitation frequency has increased from 15 Hz to 35 Hz.
Figures 4-9 and 4-10 give corresponding data taken further from surge, at operat-
ing point FRB. At 15 Hz excitation, the engine response is not as strong as at point
FRA. In particular, note that the axial stage pressure is not scaled here indicating
that the response is roughly ten times smaller. Further, note that although response
in the combustor is weak, it is roughly in phase with the injection flow. As the fre-
quency is increased to 35 Hz, the response throughout the engine is attenuated. The
response at operating point FRC was very similar to that at FRB.
4.6 Non-Parametric Identification
In this section, we present the transfer functions computed between the injection flow
and response at two locations in the engine, the axial stage and combustor. Although
the axial stage pressure was measured in the axial stage stator row, it was modelled
149
FRA -21.79dB -20dB
FRB -36dB -25.89dB
Injection to Compres Inlet Press
-33.54dBFRC -26.98dB
Table 4.2: Transfer Function Magnitudes at 10 Hz
as the static pressure at the end of the inlet duct and entrance to the impeller. In
order to compute the transfer functions, a signal was needed to represent injection
flow. By assuming that the injection slots behave quasi-steadily, we may use the vane
plenum pressure as the injection signal. The quasi-steady assumption should be quite
good here since the slot dimensions are much smaller than an acoustic wavelength at
the highest frequencies considered. Another option would have been to use the valve
position to represent injection flow. This was undesirable, however, since any transfer
function would then include the injection flow path dynamics which would have to
be compensated for in order to identify engine dynamics.
Having selected a signal suitable to represent the injection flow, we now present
the transfer functions measured at each operating point from injection to axial stage
and combustor. The transfer function at three operating points for the combustor
will be presented first, followed by those for the axial stage at each operating point.
All transfer functions were calculated by using the non-parametric methods discussed
in the introduction. The transfer functions are given as magnitude and phase ver-
sus frequency, commonly known as a bode plot. Below each transfer function, the
coherence is given. The coherence may be interpreted as signal to noise ratio in the
frequency domain. A coherence near one indicates that the transfer function estimate
is reliable. All transfer functions were normalized such that they had a magnitude of
OdB at 10 Hz. The magnitude of all original transfer functions at 10 Hz is given in
table 4.2 for use in future controller design. The transfer functions were normalized
at 10 Hz because coherence tended to be quite low below this frequency.
Figure 4-11 gives the transfer function between injection and combustor zeroth
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Op Point Injection to Comb
mode measured just prior to surge at point FRA. As can be seen, the magnitude is
essentially flat until just above 30 Hz where it begins to roll off. The phase begins at
1800 losing more than 180' by the time the coherence has dropped off at 60 Hz.
The transfer function from injection to combustor pressure at point FRB is given
in figure 4-12. Here, the overall coherence level is lower indicating smaller engine
response to forcing. The magnitude remains fairly flat with only a slight and very
broad peak over the frequency range presented. The phase now begins at roughly 330
and rolls off to -900 at 60 Hz where the coherence becomes very low.
The final transfer function between injection and combustor pressure taken at
point FRC is given in figure 4-13. Here, we see that the magnitude is relatively
constant to 60 Hz where the coherence becomes very low. Note that the phase now
begins near 00 as observed in the raw data traces.
Now we present the transfer function estimates between injection and compressor
inlet static pressure. Since the tap dynamics between engine and transducer at the
axial stage were found to be non-negligible, all transfer functions were corrected to
remove the effect of tap dynamics leaving only the engine dynamics. The procedure
used to accomplished this is discussed in appendix B. Figure 4-14 gives the transfer
function estimate between injection and compressor inlet static pressure at operating
point FRA. The magnitude here begins to roll off at 32 Hz, but then levels off until
just above 80 Hz where the coherence decreases. The phase begins at 00 and seems
to lose 500 by 70 Hz. The coherence remains high up to 80 Hz.
The transfer function measured at point FRB is given in figure 4-15. As can be
seen, the response at the compressor inlet to injection begins to roll off between 20
and 30 Hz. The phase begins at zero and rolls off to roughly 50' by 40 Hz.
Finally, figure 4-16 gives the transfer function estimate at point FRC. Here the
magnitude rolls off a bit more slowly, while the phase again loses roughly 500 by 50
Hz. The coherence here remains fairly high to 40 Hz, but then rolls off at higher
frequency indicating that the estimate is becoming less reliable.
The dynamic behavior reflected in the transfer functions given above suggest that
the engine is well damped to disturbances above 100 Hz. In particular, near surge at
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point FRA the engine response in the combustor begins to roll off at just above 30
Hz. Similar behavior is observed in compressor inlet static pressure response. The
implication of this is that naturally destabilizing phenomena may only impact stability
if it has significant frequency content below 100 Hz. Specifically, based on the transfer
functions given in figures 4-11 and 4-14 the engine's response to disturbances at 100
Hz will be approximately one-tenth that to disturbances near 30 Hz when operating
at a point near surge. This observation may shed some light on which disturbance
sources in the engine environment have the greatest effect on hydrodynamic stability.
4.7 Parametric Identification of LTS-101 Hydro-
dynamics
Though non-parametric methods give a description of the system dynamics in the
frequency domain, it is desirable to have a parametric description of the LTS-101
hydrodynamics for use in control design. Further, since parametric methods make
use of a dynamic model, such methods are helpful in making physical interpretations
of the observed transfer function behavior.
4.7.1 Method of Parametric Identification
In appendix A, a lumped parameter dynamic model including diffuser throat injection
is developed. The model uses a pair of coupled non-linear differential equations used
to represent the system dynamics. The linearized version of these equations are listed
below for reference.
W IL +1 [VDI OWINJ (4.3)
&r 7TrvDxlL + 1 VD IL +1 7
P; 1
_ = V - WT + TVzINJ] (4.4)
By taking the Laplace transform of these equations and rearranging, a transfer
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function between injection flow and combustor pressure may be found which has the
form given below:
- G (s) = als + ao (4.5)
WINJ s2 bas +bo
In a similar manner, the transfer function relating injection flow and compressor
inlet static pressure may be shown to have the following form:
P,2 a2s 2 + als + ao
- G2 (s)= sao (4.6)
WINJ 2 + bs + bo
The specific parameters represented in equations 4.5 and 4.6 are given in appendix
A.
Having determined the form of the transfer functions, we now wish to determine
the constant parameters which characterize the system dynamics. In order to do
this using the previously computed transfer functions, we first rewrite the transfer
function for combustor pressure by moving all unknown constants to one side and
replacing the laplace variable by jw.
jwal + ao - [jwbi + bo] G1 (jw) = -w 2 G1 (jw) (4.7)
Since we actually have information at a number of frequencies, the above equation
is written in matrix form as:
[A] 0 = [B1 ] (4.8)
where 0 is a vector of the unknown constants and the matrices A and B are given
by:
0 1 Re [-jwGi(jw)] Re [-Gl(jw)]
A,= (4.9)
w 0 Im[-jwG1(jw)] Im[-Gl(jw)]
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Re [-w2 GI(jw)]
B1 = (4.10)
Im [-w 2 Gi(jw)]
Note that the real and imaginary parts of the matrices are separated such that the
matrices remain real. Equation 4.8 is a least squares problem which may be solved
by taking the pseudoinverse giving:
0 = (ATA 1)-'ATB, (4.11)
This solution for 0 minimizes error in the transfer function fit in a least squares
sense. The same procedure may be carried out to fit the transfer function model of
injection to compressor inlet static pressure giving:
w2 0 -1 Re[jwG2(jw)] Re[G2 (jw)]
A2 = (4.12)
0 -w 0 Im [jwG2(jw)] Im [G2 (jw)]
Re [w2G(j)
B2 = (4.13)
The fits were carried out using a Matlab code written for this task. The non-
parametric transfer function of interest was first loaded into memory as a vector of
complex numbers. Based on the coherence levels obtained, a frequency range over
which the transfer function was believed to be accurate was then chosen. The Matlab
code was then executed to solve the least squares problem given above. The final
frequency range used was chosen as the one which seemed to give the best overall fit
to the original transfer function.
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Point al ao 0  Wbo pper
FRA 5.3 -2564.4 158.3 28592 40
FRB 4.5 270.6 204.9 35953 40
FRC 6.2 24.5 272 1653 25
Table 4.3: Estimated Parameters from Injection to Combustor Pressure
4.7.2 Results of Parametric Identification
The results of transfer function fits to the models developed in appendix A are given
in this section. The results will be given in plots of the transfer function fits along
with tabular listing of estimates of model parameters, pole locations, zero locations,
system natural frequency, and system damping ratio.
Injection to Combustor Pressure
The transfer function fits at operating points FRA, FRB, and FRC are given in figures
4-17, 4-18, and 4-19. As can be seen, the fits seem to capture the transfer function
shapes fairly well with the number of free parameters available, . Although the fitting
procedure has a firm mathematical basis, it was found that in practice there is always
some degree of subjectiveness present. This was due to a choice of which data points
were used for the fit based on the coherence levels observed. The frequency range
used always began at 10 Hz, while the upper frequency used was chosen to give the
best overall fit to the estimated transfer function. The highest frequency used in each
fit is listed in table 4.3 along with estimates of system parameters.
Table 4.4 gives the estimated pole and zero locations along with the damping ratio
and natural frequency associated with the poles.
There are two important features present in the transfer functions between in-
jection flow and combustor pressure. The first deals with the phase of the transfer
function at low frequency. Note that at an operating point near surge, FRA, the
transfer function phase begins at 1800 while at FRC, further from surge, it begins at
00. This effect may be explained by examining the sign of the transfer function at
zero frequency for the operating conditions considered. At zero frequency, the trans-
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FRA 487.6 -79.1+149j -79.1-149j 0.47 26.9
FRB -60 -102.5+159.5j -102.5-159.5j 0.54 30.17
FRC -3.9 -6.2 -266 1 -
Table 4.4: Estimated Dynamics from Injection to Combustor Pressure
fer function developed in appendix A reduces to an expression in terms of injection,
turbine and compressor slopes as:
=P I = M J - (4.14)
WINJ 1 - mcmT
The injection slope mINJ is the derivative of compressor pressure ratio with respect
to injection flow rate. For static stability, 1 - mcmT > 0 so that the sign of 4.14 is
determined by the numerator. Far from surge, the injection slope will be small, while
the compressor slope will be a large negative number making the sign of the transfer
function positive at zero frequency. A positively valued constant has a phase of zero
which is consistent with the transfer function estimate given in figure 4-13 measured
far from surge. Near surge, at point FRA, however, the compressor slope will be
nearly zero while the injection slope will be some negative number. This combination
results in a negatively valued transfer function at zero frequency and thus a phase
of 1800 consistent with the behavior observed in figure 4-11. This characteristic may
not be observed if the engine is operated along a constant speedline whose slope is
sufficiently steep near surge.
The second feature to notice is that the near surge transfer function between
injection and combustor pressure given in figure 4-11 has lost more than 1800 of phase
at 50 Hz. Since the transfer function model only contains two poles, we might expect
to lose only 1800 of phase at high frequency. To resolve this matter, we must look
at the position of the transfer function zero which is given by the lumped parameter
model developed in appendix A as:
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Point Sz WnP2 I C I
sZ = K(m, - miNJ) (4.15)
where K is a constant.
At high flow rates, where the diffuser is choked, the compressor slope will be a
large negative number while the injection slope will be a small negative number. This
condition results in a zero location in the left half plane. Near surge, however, the
compressor slope approaches zero while the injection slope becomes a larger negative
number. In this way, the zero location migrates to the right half plane becoming non-
minimum in phase. If it is non-minimum in phase, the zero will give an additional 900
of phase lag to the overall transfer function. This effect may be observed in figure 4-17
as the phase decreases below zero above 50 Hz. Given that there were only two poles
(which give 1800 of phase lag) the loss of greater than 1800 indicates non-minimum
phase behavior in the zero. This effect is captured by the transfer function fits as well.
Note that in table 4.4 the estimated zero location moves from the left half to right
half plane between points FRB and FRA. This characteristic may also be absent if
operating near surge on a constant speedline which is sufficiently steep.
The migration of the zero and poles as predicted by the lumped parameter model
developed in appendix A is given in figure 4-20. This plot gives the pole and zero
locations as a function of flow rate. As can be seen, the poles move toward the jw axis
while the single zero moves from the left to right half plane for the reason discussed
above. Note that at high flow rates where the compressor slope is large and negative,
the poles lie on the real axis. This is reflected in the parameter estimates at point
FRC which place the poles on the real axis and the zero in the left half plane. At
point FRA, on the other hand, the two poles are complex conjugates with a damping
ratio of 0.47 and a natural frequency of 26.8 Hz while the zero now lies in the right
half plane at a frequency of 77.5 Hz.
It is also interesting to examine the change in damping ratio as the engine is moved
from a stable operating point to one near surge. As listed in table 4.4 the damping
ratio is 1.0 at point FRC, decreasing to .54 at FRB and then to .47 at FRA. As noted
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Point a 2  al a0 bl b0  wupper
FRA 0.01 13.2 922.4 140 24503 90
FRB 0.01 8.6 1400.2 214.2 33110 80
FRC 0 9.8 368 210 10070 40
Table 4.5: Estimated Parameters from Injection to Compressor Inlet Static Pressure
Point sZl Sz2 p1 p2 wn
FRA -980 -75.1 -70+140j -70-140j 0.45 24.9
FRB -480 -246 -107+147j -107-147j 0.59 29
FRC -1602 -38.5 -74 -136 - -
Table 4.6: Estimated Dynamics from Injection to Compressor Inlet Static Pressure
previously, the data taken at point FRA was followed, only a few seconds later, by
surge indicating that, contrary to the expected results, the hydrodynamic damping
is not extremely low near surge.
Injection to Compressor Inlet Static Pressure
Transfer functions fits from diffuser throat injection to the axial stage pressure are
given as figures 4-21, 4-22, and 4-23. Table 4.5 gives the estimated system parameters
in the same format as for the previous case.
Table 4.6 gives the estimated pole and zero locations along with the natural fre-
quency and damping ratio associated with the two poles.
The migration of the pair of poles and zeros as predicted by the lumped parameter
model in appendix A is given in figure 4-24. As can be seen, the two zeros always
remain in the left half plane while the poles move toward the jw axis as the engine flow
rate decreases. Although the estimated zero locations given in table 4.6 always remain
in the left half plane, they do not move in a consistent direction as predicted by the
lumped parameter model. The inconsistency seen in the zero locations could reflect
the presence of unmodelled dynamics. One possible source of unmodelled dynamics
is the quasisteady compressor assumption. McNulty [15] estimated the compressor
reduced frequency to be of order unity suggesting that the assumption of quasisteady
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behavior may be violated.
The estimated pole locations change in a manner predicted by the lumped param-
eter model. At point FRC, far from surge, the poles lie on the real axis. Moving to
lower flow, the damping ratio of the poles is reduced to .59 at point FRB and then
to .45 at FRA.
Based on the estimated engine natural frequency and damping ratio, it is possible
to make a crude estimate of the non-dimensional parameters 3 and IL given by:
1 VB
S=) (4.16)fT (L, + Ld) Ac
IL = Ld (4.17)Ld
where LandLd are the equivalent upstream and downstream duct lengths. Be-
cause many of the parameters necessary to estimate the value of 3 and IL are propri-
etary, the method used can not be given. The best estimates for these two parameters,
however, are 3 = 0.8 and IL = 5.25.
Comparison of Estimated Natural Dynamics
Since system poles are indicative of the open loop, unforced response, their position
should be the same regardless of measurement location. It is, therefore, useful to
compare the estimated damping ratio and natural frequency of the poles obtained
from the two separate transfer functions.
At point FRA, the damping ratio estimated from the two transfer functions only
differs by 4% while at FRB they differ by 8.8%. The differences in estimated system
natural frequency are 7.7% and 4.1% at points FRA and FRB respectively. The
differences in natural frequency and damping ratio near surge at FRA and further
from surge at FRB are considered to be small considering the relative unsophistication
of the model and technique used to fit these parameters to the transfer function
estimates. At point FRC, however, the pole locations are estimated to be considerably
different. The lowest frequency pole is estimated to be 169% higher from the axial
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stage transfer function while the higher frequency pole is estimated to be 65% higher
by the combustor transfer function. A possible reason for this discrepancy is given in
the conclusions section.
4.8 Estimated System Residual Spectrum
In this section, we use a non-parametric method to estimate the residual spectrum
in the compressor inlet static pressure and combustor. The residual spectrum is
estimated from the forced response data and represents the spectral content of a
particular signal which does not result from forcing. The method used to accomplish
this is outlined below and is described in more detail in [14].
We begin by assuming that the dynamics being measured may be represented by
a single input single output system with noise as shown in figure 4-25. It is further
assumed that the noise is uncorrelated to the input signal. Given these conditions, the
noise spectrum may be estimated from the input and output spectra and cross-spectra
as:
4, = 4, - 1,) I (4.18)
The calculated residual spectra for the combustor and compressor inlet static
pressure are given in figures 4-26 and 4-27 for the three operating points FRA, FRB,
and FRC. As can be seen, the compressor inlet pressure exhibits two broad peaks
between 15 Hz and 40 Hz at FRA. Another peak occurs at 12 Hz in the spectra from
point FRC. This peak corresponds to a known vibrational frequency. The reason it
does not show up at the other operating points FRB and FRA might be due to the
data being taken at FRC before the engine oil had warmed up sufficiently resulting
in higher vibration levels. This phenomena is normally observed when the engine is
first accelerated to 95% speed.
Figure 4-27 indicates that near surge at point FRA, the estimated combustor
residual spectra lies in the same frequency range as that in the compressor inlet
pressure. Further, the residual spectra away from surge is quite low except for a
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large 70 Hz peak at point FRC. For both sensor locations, the residual spectrum is
predominantly below 100 Hz and only has significant content below 70 Hz with the
spectral amplitude dropping off above this except at known vibrational frequencies.
4.9 Conclusions
A series of tests has been completed to characterize the effect of a fluid dynamic actu-
ator on the compressor performance in an LTS-101 aircraft gas turbine engine. The
actuator was then used to carry out forced response testing in an effort to determine
the engines hydrodynamic stability at operating points which covered the stable flow
range of the engine at 95% corrected speed. While non-parametric methods were used
to calculate transfer functions between forcing and response, a parametric method was
utilized to fit a lumped parameter model to the transfer function estimates. Finally,
estimates of the residual spectrum present in the combustor and compressor inlet
pressure signals were made.
It was found that during steady state injection, the effect of diffuser throat injec-
tion was to partially lower flow through the inlet bellmouth and to reduce the total
pressure ratio across the compressor. Further, the reduction in total pressure ratio for
a given ratio of injection to engine flow rate was greatest near surge. Far from surge,
injection seemed to have little effect on the compressor pressure ratio. Regarding
the blockage of inlet flow, it was found that by adding the injected flow rate to the
inlet flow and correcting for combustor total pressure and temperature changes, the
data collapsed on a line of constant total corrected flow, ie. the turbine flow function
remained constant.
The maximum change in total pressure ratio due to injection was .7% which
occurred at the operating point closest to surge with an injection massflow ratio of
1.3%. This was lower than the value predicted by an analytical investigation and was
thought to be due to low ratios of injection momentum to freestream momentum.
Estimates of the engine's natural hydrodynamic stability made from combustor
pressure measurements were compared with those from compressor inlet static pres-
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sure measurements and found to agree within 10% except at high flow. At high flow
the two measurement locations indicated significantly different pole locations. A pos-
sible cause of this inaccuracy may be found from the root locus given in figure 4-24.
Near the engine choking point, the pole locations are very sensitive to engine operat-
ing point due to the large changes in compressor slope present. This could cause the
model fit to data to be very sensitive and to place the poles at very different locations
even though the transfer function estimate being fitted is nearly the same.
The results of forced response testing indicate that the engine is well damped to
disturbances above 100 Hz. At a point near surge, the response measured in the
combustor began to roll off at 30 Hz and had decreased by a factor of roughly ten by
100 Hz. Similar behavior was observed in measurements taken from the compressor
inlet static pressure measurements.
By fitting a lumped parameter hydrodynamic stability model to the transfer func-
tion estimates, it was found that just prior to surge the engine's hydrodynamic damp-
ing is 0.45 with a natural frequency of 27 Hz. The estimated damping ratio was
somewhat higher than expected near surge and indicates that the engine is fairly well
damped in a linear sense near surge. The implications of this finding are that either
the lumped parameter representation of engine dynamics is not accurate or that non-
linear effects such as system noise degrade the hydrodynamic stability of surge in an
engine.
By using the estimates obtained for the parameters P and IL, it is possible to
compare the damping ratio predicted by the lumped parameter model presented in
appendix A at the nominal surge point of the LTS-101 to that estimated from the
forced response data presented in this chapter. The nominal surge point of the LTS-
101 is at a corrected flow equal to 0.92 times the design corrected flow. From figure
A-2 in appendix A, the lumped parameter model predicts a damping ratio of roughly
0.12. This is roughly 60% different from the estimate obtained from forced response
data of 0.45. One possible reason for this discrepancy is that the noise levels present
in the data were high enough to corrupt the estimates of hydrodynamic stability.
The other possibility, of course, is that the model is wrong and that the estimated
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damping ratio accurately reflects the true dynamics of the engine.
Parametric fits to the transfer function between injection and combustor pressure
revealed the presence of a non-minimum phase zero when operating sufficiently close
to surge. A physical mechanism for the non-minimum phase behavior was developed
by examining the sign and magnitude of compressor and injection slopes at various
operating points. It was found that as the compressor slope became small enough
relative to the injection slope, the zero migrated from the left to right half plane. The
presence of non-minimum phase zeros in the dynamics of a system normally have a
negative impact on the ability to apply control to the system. If it is found that
the non-minimum phase behavior is prohibitive for controller design, the combustor
pressure may have to be excluded for consideration as a feedback signal.
The estimates of residual spectra in the combustor and compressor inlet pressures
were found to have similar content near surge. At operating points away from surge,
the magnitude of combustor spectra was roughly half that estimated near surge. The
spectral amplitude in the compressor inlet pressure was found to be similar to that
of the combustor near surge. Away from surge, the compressor inlet pressure spectra
was found to be generally smaller in amplitude than that near surge except for a
single peak at roughly 12 Hz. Both measurement locations had significant spectral
amplitudes only below 100 Hz adding credence to the belief that the engine is well
damped to disturbances above this frequency.
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Chapter 5
Nonlinear Simulations
5.1 Introduction
Although a linearized analysis is capable of identifying the stability boundary of a
system to infinitesimal excursions from equilibrium, it does not provide information
regarding the magnitude of the system response. After examining the natural re-
sponse data presented in chapter 2, several questions were formed regarding the pos-
sible dynamic behavior which the lumped parameter model developed in appendix A
was capable of exhibiting. These questions could not be answered with a linearized
analysis, and therefore led to the work presented in this chapter.
At the outset of this investigation, it was not clear if the lumped parameter LTS-
101 hydrodynamic stability model was capable of exhibiting a transition into surge
which did not contain a period of pre-surge growing oscillations. Such behavior was
absent in the experimental data. Further, since little was known about unsteady
prestall flow phenomena in an engine, it was desirable to estimate of how various
noise sources would be manifested as rms noise levels throughout the engine. Another
question of interest is how much noise was necessary to drive the system unstable
during operation at a linearly stable equilibrium point. Based on these questions, a
list of objectives for the work presented in this chapter was formed.
Is abrupt surge behavior is possible with the lumped parameter model developed
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in A?
* What are the maximum flow and pressure perturbations which can be tolerated
without surge?
* How do various noise sources effect engine behavior?
5.2 Simulation Method and Features
The simulation is based on a set of three coupled nonlinear differential equations
which are derived in appendix A. The equations are presented below for reference.
( =9 -IL + 1 [rc- P;] (5.1)87 -kchL + 1
49p* 1
- [We - WT] (5.2)
~ W T -WT,*,- WTT;] + q* (5.3)
where Wc and WT are the compressor and turbine flow functions and rc and
P; are the compressor pressure rise and burner pressure. Equations 5.1, 5.2, and 5.3
represent the conservation of inlet duct momentum, conservation of plenum mass, and
conservation of plenum energy respectively. In order to carry out a simulation of these
equations, a few empirically determined characteristics are necessary. The first of
these is the compressor characteristic. Data from the LTS-101 95% speed compressor
characteristic was used to create the characteristic used in the simulation, and is
given in figure 5-1. This representation of the 95% speedline is a composite of three
third order curve fits: one fit to the vertical (choked) portion, one fit to the range
between choke and surge, and one which extrapolates the characteristic smoothly
past the nominal surge line. It is important to note that no data was available past
the nominal surge line and that the characteristic used in this region represents an
educated guess. It is not known if the true characteristic is smooth as shown or is
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abrupt, but a smooth characteristic was chosen to represent the case which would
be least likely to exhibit abrupt surge behavior. It was reasoned that if a smoothly
extended characteristic exhibited abrupt surge then an abrupt characteristic would
likely do so as well.
The second characteristic required is one which gives the combustor tempera-
ture versus equilibrium inlet flow. To obtain the combustor temperature at a given
operating point, we consider the nondimensionalized choked turbine flow relation:
WTT C = F () = (5.4)
P; AT -+ 1(5.4)
As indicated in the above equation, the nondimensional turbine flow function
WT is set by the burner exit pressure and temperature along with the turbine to
compressor area ratio. This equation may be rearranged to solve for the burner
temperature as:
T;= Ac W (5.5)
Experimental data was used to estimate the turbine to compressor area ratio.
Since this ratio remains constant (the turbine and compressor area are fixed), the
equilibrium burner temperature may be found by assuming that inlet and turbine
flow are equal (ignoring fuel flow) and calculating equilibrium burner pressure using
the compressor characteristic. It is realized that, in the engine, the burner tempera-
ture is determined primarily by fuel flow which is governed by the fuel control. The
formulation employed here, however, was chosen due to it's simplicity. The compres-
sor exit total temperature (T*,4) was held constant for all flows as determined from
the LTS-101 data.
To begin each simulation, the nondimensional parameters f and IL were first set
to the desired values. As given in appendix A, these parameters are set by the engine
geometry and speed of sound in the burner. Based on the approximation of these
parameters from forced response data in chapter 4, the values 3 = 0.8 and IL = 5.25
were used for all simulations. Next the mean flow rate was set from which all other
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equilibrium conditions could be determined.
Equilibrium pressure ratio (and therefore burner pressure) were first calculated
from the compressor characteristic. The turbine characteristic was then set as a line
connecting the compressor map origin to the equilibrium operating point. This is
equivalent to modelling the turbine as a choked orifice. Obviously this relation will
breakdown below pressure ratios of roughly two, but the simulation always remained
at least three times above this limit.
The initial burner density is calculated from the ratio of Pb* and Tb*. The initial
heat addition Q* is calculated by setting equation 5.3 equal to zero giving:
w , o - ] (5.6)
The heat release obtained from this relation was then held constant during the
simulation except when modelling unsteady heat release. The burner temperature at
each step of the simulation is calculated from the ratio of P; and p*.
After each simulation is complete, a record of time, compressor flow, burner den-
sity, and burner pressure are given in a matrix. The inlet total pressure may be
calculated by using the expression for conservation of momentum in the upstream
duct as:
1 ,W,
P* = 1- (5.7)
where the derivative of Wc with respect to r is approximated with the ratio of the
differences in the two between successive steps. The inlet static pressure can then be
calculated by the nondimensional definition of total pressure as:
1
P*, = P*,2 - 2 (5.8)
The algorithm used to solve the equations is a modified version of Matlab's
ODE45. This algorithm is an adaptive step sizing Runge-Kutta Fehlberg scheme
with forth or fifth order accuracy. Since one of the main objectives of this chapter
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is to determine the spectral content of simulated engine behavior with random exci-
tation, it was desirable to use a constant time step so that the input noise spectrum
was known. Given a constant time step corresponding to some sampling frequency,
the noise is known to have a spectrum between zero and half the sampling frequency.
Therefore, the program was modified to hold the step size constant so as to mimic
experimental data recorded at a sampling rate of ten times the Helmholtz frequency.
Since the simulation is carried out in nondimensional time, this simulated sampling
rate gives a time step of Ar = 1. Given this sampling frequency, information re-
garding the spectral content of simulated signals is available up to five times the
Helmholtz frequency.
Random noise was supplied by Matlab's randn function. This function supplies
normally distributed random noise with zero mean and a variance of one. The noise
was then scaled to give an rms noise level equal to some percentage of the mean
value of the variable being perturbed. The noise therefore, approximates white noise
between zero and five times the Helmholtz frequency with the specified rms value.
The noise is introduced into the simulation by adding a random number to one of
three states in the engine after each time step is completed. The value of the noise
is then held constant over the time step which follows. Since the noise is injected
into a given variable prior to each time step, the simulation is actually predicting the
system response to random perturbations in the variable chosen for noise injection.
Having described the general simulation procedure, we now give the specifics used
to produce the results given in the next sections. It was previously mentioned that
the values of P and IL were held constant at 0.8 and 5.23 respectively. A mean flow
function equal to 0.918 of the design flow was always used unless specified otherwise.
This represents a flow which is 2.2% above the linear stability limit predicted by the
lumped parameter model developed in appendix A and 0.8% above the surge limit
typically encountered experimentally. The damping ratio of the two poles which go
unstable at the neutral stability point was estimated at 0.3 at this operating point
based on the lumped parameter model given in appendix A.
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5.3 Simulation Results
The nonlinear simulation results will be presented in the order of objectives which
they meet. We first begin by examining the possibility of abrupt surge behavior with
the lumped parameter model. Next, the maximum flow and pressure perturbations
which do not result in the model surging are given. The levels of noise at various
locations within the engine which result in surge are then given along with the effects
of lower random noise levels on inlet flow, inlet static pressure, and combustor pressure
perturbations. In addition, the spectral content of simulated engine response to
various noise sources is given. Finally, experimental data is used as a noise source to
examine the effect of "colored" noise on simulated engine behavior.
We first set about whether a lumped parameter dynamic model could exhibit
instability onset in which growing sinusoidal oscillations were absent. A linearly
stable equilibrium point was chosen to begin the simulation. The stability of this
operating point is demonstrated in figure 5-2 which gives the simulated response to
an initial perturbation of 9% of the mean inlet flow. As can be seen, the initial
perturbation dies out and equilibrium is re-established. Figures 5-3 and 5-4 give
the simulated engine response to combustor noise with an rms of 0.2% of the mean
combustor pressure, the minimum necessary to drive the engine unstable with this
noise source. As can be seen, the simulation diverges at 7- = 350. This divergence
indicates that surge has occurred. Since a constant time step simulation is being
used, the results become inaccurate after surge due to the high rates of change of the
solution. The lack of accuracy past surge is not important here since it is the surge
inception which is being examined. No clear pre-surge system oscillation is discernible
in figures 5-3 and 5-4. In particular, the surge is not preceded by any clearly growing
oscillation. Therefore, it may be concluded that the dynamic model can exhibit the
abrupt surge behavior observed in experimental data. Further, since the equilibrium
operating point chosen was linearly stable, it is clear that finite amplitude noise is
capable of driving the system unstable. In the next section, an attempt is made to
quantify the effect of noise on system stability.
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Wc +9.2% -9%
PZ +1.4% -20%
Table 5.1: Maximum Inlet Flow and Combustor Pressure Perturbations Which Re-
turn to Equilibrium
To examine the effect of disturbances on system behavior, the simulation was
configured to impose an initial flow or pressure perturbation at the equilibrium point.
The maximum initial perturbations which did not lead to surge are given in table
5.1. As shown, the acceptable flow perturbations are less than 410%. It was found
that a mild surge cycle could not be obtained from the simulation and that for a
perturbation near the stability limit the simulation either returned to the equilibrium
point as shown in figure 5-2 or diverged. This behavior is consistent with that observed
in the engine. Also note that the maximum initial combustor pressure depression is
quite large at -20%. With large perturbations like this, the solution trajectory in
pressure ratio versus flow moved from the initial point to the vertical portion of the
compressor characteristic in less than Ar = 2. If we assume a Helmholtz frequency
of 70 Hz, Ar = 2 corresponds to a dimensional time of 0.0045 sec and therefore a
characteristic frequency of 220 Hz. McNulty [15] obtained results which indicate that
the compressor reduced frequency is 3.5 at 220 Hz. It is, therefore, doubtful that
the quasi-steady compressor assumption holds during such a transient making the
validity of this result questionable.
Having examined the effect of initial perturbations, we now wish to determine the
effect of random perturbations on the simulated engine stability. The results obtained
with random perturbations in combustor pressure are given in figure 5-5. The rms
perturbation level was varied over the range of percent mean combustor pressures
given on the abscissa. The vertical scale indicates the resulting rms noise levels in
inlet flow, combustor pressure, and compressor inlet static pressure. As indicated in
figure 5-5, the simulated rms response levels increase linearly with % rms noise input
until the surge limit at an rms of 0.2% of mean combustor pressure is reached. Figure
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Point Compressor Inlet Combustor
Surge Incep 1.24% 0.167%
Table 5.2: Summary of Experimentally Measured Noise Levels Near Surge
5-5 shows that over the range of noise input tested, % mean rms noise levels in inlet
flow are greater than that in combustor pressure or compressor inlet static pressure.
The response to unsteady turbine exit flow perturbations is given in figure 5-6.
Here, the maximum noise level before surge is an rms of 3.5% of the mean turbine
flowrate. As before, the highest rms response is always seen in inlet flow.
The final noise source selected for study was unsteady heat release in the combus-
tor. As shown in figure 5-7, an rms perturbation level of 8% of the mean heat release
could be injected before surge occurred. Once again, the maximum level of rms noise
is seen in the inlet flow.
Figures 5-5, 5-6, and 5-7 give some indication of the rms fluctuations one would
expect to measure near surge. The magnitude of these fluctuations represents the
response of the lumped parameter representation of engine hydrodynamics to random
perturbations in the three sources selected. As such, one might expect the measured
values to be somewhat higher due to unmodelled disturbance sources. Note that the
percent mean rms noise level in the combustor at surge is roughly 0.5% of the mean
combustor pressure regardless of the source of random perturbations. Similar results
are obtained for compressor inlet static pressure with a fairly consistent rms response
of 0.6% of the mean static pressure near surge. Although the rms response level in
inlet flow is not quite as consistent, it remains relatively close to 2% of the mean flow
near surge for each source of random perturbations.
The simulated response levels may also be compared with corresponding mea-
surements made on the LTS-101 and presented in chapter 2. A summary of the
experimental results is given in table 5.2.
By comparing figures 5-5, 5-6, and 5-7 with experimental data, we can see that
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the simulated combustor noise level (0.5%) is more than twice that measured experi-
mentally. The measured compressor inlet pressure noise, however, is nearly twice the
simulated result. This inconsistency is either due to unmodelled noise sources and
damping mechanisms or to the manner in which perturbations were introduced in the
simulation.
Along with the rms magnitude of the simulated response, it is also interesting to
examine the spectral content of the response when excited with random white noise.
This is accomplished by computing the power spectral density (PSD) of the simulated
pressure and flow traces. We start with a sample PSD of the random white noise used
to excite the systems as seen in figure 5-8. As shown, the noise is broadband. Also
note that since a sampling frequency of ten times the Helmholtz frequency was chose,
the nyquist frequency is 5wH. All PSD's are normalized by the rms noise levels given
in figures 5-5, 5-6, and 5-7.
Although the noise source was broadband, figure 5-9 indicates that with random
excitation in combustor pressure, the response is primarily below the Helmholtz fre-
quency. This was found to be true for all noise input locations and therefore all PSD's
are given between 0 and the Helmholtz frequency (indicated by 1 on the abscissa).
Figure 5-10 gives the simulated response to an rms combustor pressure noise of 0.1%
of the mean combustor pressure. This figure shows two separate peaks at 0.25 and
0.4 in all three signals. In figure 5-11 we see that a noise level of 0.2% results in
an increase in spectral amplitude of the peak at 0.25 relative to that at 0.4. The
changes in noise spectrum with varying noise amplitude are most likely due to two
effects. One is the nonlinearity in the compressor characteristic. One of the well
known differences between linear and non-linear systems is the ability of the natural
frequency of a non-linear system to vary with the magnitude of system oscillation.
A mass connected to a stiffening spring, for example, may exhibit a resonance in it's
motion as excitation frequency approaches the point of resonance, but then suddenly
exhibit a much smaller amplitude motion as the excitation frequency is increased
further [12]. It is not clear if this type of effect is responsible for the behavior ex-
hibited in the PSD's since no attempt was made to thoroughly investigate the effect
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of non-linearity on the engine's natural frequency. It would seem, however, that the
magnitude of random perturbations present in the engine have some effect on the
frequency of oscillation.
With a 1% rms noise level in turbine outflow, we can see a peak at 0.25 present
in figure 5-12. Increasing the noise to 2% alters the spectra by widening the peak out
to 0.32 as shown in figure 5-13. An even larger noise level of 3% leads to a strong
peak which emerges at 0.35 as given in figure 5-14.
Finally, the simulated spectra due to unsteady heat release with an rms level at
1% of the mean heat release is given in figure 5-15. The primary activity here is
between 0.2 and 0.4 with similar spectral distribution in all three signals. There is
also a small peak present at just above half the Helmholtz frequency. Increasing the
rms heat release noise to 6% of the mean results in the spectra shown in figure 5-16.
There are now three distinct regions of activity at 0.2, 0.4, and 0.5. We can also see
a smaller peak at 0.7 times the Helmholtz frequency.
As a final use of the non-linear simulation, we wish to consider noise with is "col-
ored" in it's frequency content. For this purpose, engine data taken within ten seconds
of surge from the combustor transducers was used. The two combustor transducer
signals were used to compute an average (zeroth mode) which was then properly
non-dimensionalized for use in the simulation. The spectrum of the combustor noise
signal is given in figure 5-17. As shown, the spectrum is not broadband. Figure 5-18
shows the simulated response spectrum obtained with the experimental noise injected
in combustor pressure. Although noise was present above a frequency of 1.0, there
was very little response there. For a clearer view, the noise and response spectrum is
given between 0 and 1 in figures 5-19 and 5-20.
5.4 Discussion of Results and Conclusions
A non-linear simulation has been implemented to investigate the effect of initial per-
turbations and noise on the dynamic behavior of a lumped parameter model formu-
lated for an LTS-101 aircraft gas turbine engine. In addition, use of experimental
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engine data was made to supply noise with a colored spectrum. The simulation
uncovered many phenomena not predicted by a linearized model.
It was found that, even when operating at a linearly stable operating point, ran-
dom white noise input to the combustor pressure signal was capable of driving the
system unstable. Further, the resulting instability did not grow from small, sinusoidal
oscillations, but appeared abruptly. This indicates that linear stability is not always
sufficient for stable dynamic behavior when noise is present. Particular note should
be made of the magnitude of noise necessary to drive the system unstable. When
injecting noise into the combustor, an rms level of only 0.2% of the mean combustor
pressure was necessary to cause surge. Similar behavior was found when using other
noise sources although the level of noise required to cause instability varied.
By setting non-equilibrium initial conditions, the effect of noise-free perturbations
was investigated. It was found that at an equilibrium flow 2.2% above the linear
neutral stability point, inlet flow perturbations greater than +9.2% or -9% resulted
in surge. The simulation predicted that a +1.4% or -20% initial perturbation in
combustor pressure was allowable without surge.
The effect of noise in combustor pressure, turbine flow, and heat release were in-
vestigated by injecting random, white noise. Although the excitation was broadband,
the primary regions of simulated response tended to lie between 0.2 and 0.4 times the
Helmholtz frequency. Although the spectral amplitude varied with noise source and
magnitude, the highest rms response levels were observed in the inlet flow signal.
By incrementing the rms noise from each source, the maximum levels at which
the engine remained stable were identified. The percent mean rms noise which drove
the system unstable were found to be 0.2%, 3.5%, and 8% for sources in combustor
pressure, turbine flow, and heat release respectively. Although the rms perturbation
levels required to drive the system unstable, the rms engine response at instability
remained relatively constant. Specifically, the percent mean rms combustor pressure
fluctuations were predicted to be roughly 0.5% at surge while corresponding values
for inlet flow and compressor static pressure were 2% and 0.6% respectively.
Finally, experimental data was used as a noise source to combustor pressure. To
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investigate the effects of colored spectrum noise. The region of significant spectral
amplitude tended to be similar to that obtained with a white noise source. Specifically,
a peak was observed near 0.2 times the Helmholtz frequency.
The implications of this work are, simply stated, that the noise in a jet engine
can have a significant impact on hydrodynamic stability. It is also interesting to note
that spectral peaks in the simulated data occurred as low as 0.2 times the Helmholtz
frequency as compared to the linear prediction carried out by McNulty [15] which
indicated the natural frequency should be between 0.3 and 0.5 times the Helmholtz
frequency. This fact may give some insight into the spectral content of experimental
data presented in chapter 2. Specifically, the zeroth mode spectra and cross-spectra
tended to have significant amplitude below 100 Hz with most activity at less than
50 Hz. Since the Helmholtz frequency is not accurately known it is difficult to make
quantitative comparisons, but if we use an estimate of 70 to 80 Hz, the nonlinear
simulation would predict most of the activity between 16 Hz and 32 Hz. Although no
definitive statements may be made regarding the ability of the simulation to predict
the frequency ranges of significant spectral activity, it is interesting to note that the
bursts observed in many of the waterfall plots presented in chapter 2 occur in this
frequency range.
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Figure 5-1: Curvefit to LTS-101 95% Speedline
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Figure 5-10: Simulated Spectral Content Using Combustor Perturbations with an
rms of 0.1% Mean Combustor Pressure
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Figure 5-14: Simulated Spectral Content Using Turbine Flow Perturbations with an
rms of 8% of the Mean Flow
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Figure 5-19: Combustor Noise Spectrum from Experimental Data
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Chapter 6
Summary, Conclusions,
Recommendations
6.1 Summary and Conclusions
1. The instantaneous operating point of an aircraft gas turbine engine was found
to vary by +0.5% in massflow and ±0.3% in pressure ratio during operation at
a supposedly steady state operating point.
2. The surge inception behavior of an aircraft gas turbine engine at 95% cor-
rected speed was measured using high response instrumentation. No evidence
was found of pre-surge one or two dimensional coherent disturbances. Spectral
analysis techniques were used to check for rotating stall in the compressor's
vaned diffuser. Based on this analysis, no evidence of rotating stall was found,
leading to the conclusion that rotating stall is not responsible for triggering
surge in the engine at 95% speed.
3. The frequency content of unsteady flow processes in the engine were found not
to be narrow band. Most spectral content was found to lie below 100 Hz.
Disturbances below 100 Hz exhibited an increase in magnitude approximately
250ms prior to surge.
4. The dynamics of a fluid actuator intended for one-dimensional surge control
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were modelled and tested experimentally. The primary element in the actuator
flow path is an annular duct which was found to behave as a lumped volume
below 100 Hz. Above 100 Hz, the duct acoustics must also be modelled in order
to capture the experimentally observed dynamic behavior of the actuator. An
acoustic model of the duct was developed and found to accurately predict the
standing wave frequencies implying that the underlying physical behavior is well
understood.
5. Standing acoustic waves in the fluid dynamic actuator were found to have a
negative impact on one-dimensional actuation which is desirable for surge con-
trol. Specifically, the modulation of flow through the actuator near a pressure
node of the acoustic resonance was 63% less than that near an anti-node above
200 Hz. Since the engine's natural frequency is believed to be below 100 Hz,
however, the acoustic behavior had no impact on the current application.
6. The effect of the fluid dynamic actuator on steady state compressor perfor-
mance was measured and found to be modellable as blockage which reduced
inlet flow and resulted in a total pressure loss across the vaned diffuser. The ac-
tuator was then used to perform a series of forced response tests on the engine.
Transfer functions between actuation and engine response in the combustor and
compressor inlet were calculated from the experimental measurements.
7. A lumped parameter model was fit to transfer functions obtained from forced
response data. Results taken from two measurement locations indicated that
the engine's hydrodynamic damping ratio is 0.46 just seconds prior to surge
and that it's natural frequency is close to 27 Hz. Based on a linearized model
of the hydrodynamic stability, a damping ratio this high is indicative of a very
stable operating condition. This apparent contradiction between high damping
ratio and subsequent instability suggests that linear models used in the past do
not adequately capture the dynamics of an engine. Nonlinear effects such as
finite amplitude system noise may have a significant impact on hydrodynamic
stability.
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8. Forced response data was used to estimate the residual spectrum in the com-
bustor and compressor inlet. The spectral estimates obtained indicated that
significant frequency content was only present below 100 Hz. Above 100 Hz,
spectral amplitudes were less than one-tenth that at lower frequency.
9. A nonlinear simulation of a lumped parameter model of the LTS-101 was em-
ployed to address surge inception questions. The abrupt surge behavior ob-
served experimentally could be realized by exciting the engine with random
combustor pressure perturbations while at a linearly stable equilibrium point, .
Specifically, simulated time traces of engine pressure and flow did not show the
growing oscillatory behavior predicted by many linear analyses.
10. The nonlinear simulation was also used to estimate rms response levels in the
engine due to various noise sources. It was found that although the noise was
broadband, simulated engine response was predominantly below four-tenths of
the Helmholtz frequency. Relative to mean parameter values, the simulation
predicted that injected combustor pressure perturbations had the largest im-
pact on rms engine response. Also, it was found that rms combustor pressure
perturbations equal to 0.2% of the mean combustor presure was necessary to
drive the simulated engine behavior unstable at an equilibrium operating point
2.2% above the neutral stability flow point. These results suggest that seemingly
small noise levels can have a significant impact on the engine's hydrodynamic
stability.
11. The engine was found to be quite different from the turbocharger rigs used by
previous investigators to study surge. Not only is the engine pressure ratio and
impeller tip mach number much higher than that of a typical turbocharger, the
geometry of the engine used for this work made it difficult to identify elements
which acted as lumped elements of inertia or compliance.
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6.2 Recommendations
The recommendations presented in this section are primarily directed at realizing
active control on an aircraft gas turbine engine. It should be noted here that the
experimental facility used in this work offers many other challenging problems, the
study of which could carry on long after active control has been accomplished.
1. One area in which knowledge is lacking is the control power required to ac-
tively stabilize an engine against surge. This question is further clouded by the
presence of system noise and it's seemingly significant impact on the engine's
hydrodynamic stability. This question could be elucidated, however, with the
nonlinear simulation used in this thesis suitably modified for control applica-
tions. A control law could be formulated using the experimentally identified
actuator and engine dynamics presented in this work. The dynamics of the
control loop could then be added to the lumped parameter model and simu-
lated in a nonlinear fashion. By exciting the system with various noise levels,
the robustness of the control system to finite amplitude disturbances could be
investigated.
2. If the results of such a study indicate that more control power is necessary, this
may be possible by further modifying the existing engine. Specifically, if the
study indicates that control would be possible with higher levels of jet injection
momentum, the diffuser vanes should be modified to reduce the existing slot
area.
3. The possibility of using passive stabilization schemes should not be overlooked.
A passive scheme offers the simplicity of eliminating the high speed valve and
digital control loop necessary for an active scheme. Prior to the testing of
any such scheme, however, a nonlinear simulation should be carried out to
investigate the effects of noise on the amount of stabilization possible.
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Appendix A
LTS-101 Lumped Parameter
Modelling
In this appendix, a lumped parameter hydrodynamic stability model of the LTS-101
is developed. The basic model is taken from the work of McNulty [15]. McNulty
employed the same modelling approach as previous investigators [18], but used a
non-dimensionalization more appropriate for aircraft gas turbine engines with com-
pressible flow. Following the establishment of an initial model, some simplifying
assumptions are made which allow analytical solutions for the system natural fre-
quency and damping ratio. Finally, the model is modified to include diffuser throat
injection as forcing.
The primary model geometry given in figure A-1 consists of ducts upstream and
downstream of the compressor and a lumped volume used to model the combustor.
The modelling assumptions used here are:
* 1-D, inviscid flow of a perfect gas
* Compressor and turbine are modelled as quasi-steady actuator disks
* Flow in the ducts has negligible compliance such that:
- Density variations are small
- Duct massflow is constant
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- Acoustic behavior is not important
* Combustor fluid has negligible kinetic energy, but is compressible
* The combustion process is represented by steady state heat addition
* Combustor total pressure is uniform
* Turbine nozzle guide vanes are choked
* Rotor speed is constant, rotor dynamics are uncoupled from the hydrodynamics
* Engine inlet flow has uniform total pressure and temperature equal to ambient
static values
Component Modelling
Upstream Duct
The upstream duct is modelled as lumped inertia whose state is determined solely
by the duct massflow. The dynamics of this element are described by the unsteady
Euler equation as:
PU + p,U, = (A.1)
ut +p 8z
Integrating along the duct length Lu gives:
dih, Lu
= Po,1 - Po,2  (A.2)dt Ac
where A, is the compressor inlet duct cross-sectional area.
A similar expression may be written for flow through the downstream duct as:
drZd Ld
dt = Po,3 - Po,4  (A.3)dt Ac
Compressor
The compressor is assumed to behave as a quasi-steady actutor disk which gives
a unique pressure and temperature ratio for a given compressor flow. This can be
expressed functionally by:
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Po,3ire = - re (We,co,,, Mtip) (A.4)
Po,
8C - = - (W,,,, Mip) (A.5)
To,2
where Wc,co,, is given by:
WC, , =, 2  (A.6)Po,2Ac
and Mtip is the impeller tip mach number.
Combustor
The combustor is modelled as a constant pressure plenum with the combustion
process represented by constant heat addition. As such, the conservation of mass and
energy may be written as:
dPB VB = mm - T (A.7)
dt
d (CPB TB) VB = hcCpT., 4 - 7irTCpTo,5 + Q (A.8)dt
where
Q = *rlBF  (Lower Heating Value) (A.9)
Turbine
The turbine is modelled as a choked nozzle whose massflow is given by:
T = = F(Y) (A.1O)
PBAT Y + 1
Assuming that compliance in the compressor is negligible, the upstream and down-
stream duct momentum equations may be combined to give:
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(Ld+ LU
Ac Ac
dc= 'rcPa - PBdt
Nondimensionalization
Compressor and turbine massflows are nondimensionalized to give flowfunctions
as:
We =
WT =
Pa Ac
STM VR
(A.12)
(A.13)
All pressures and temperatures are nondimensionalized by atmospheric values as:
(A.14)Pa
T
T*Ta
Ta
(A.15)
Time is nondimensionalized by the Helmholtz frequency as:
7 = WHt
where wH is given as a function of the engine geometry:
Aa
WH = a&
(Lu + Ld) VB
The resulting set of nondimensional differential equations are:
9aw IL +1
Or= [IL+1 - P;]87 ic, + 1
o p* 1B 
- -[W 
- WT]
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(A.11)
(A.16)
(A.17)
(A.18)
(A.19)
_P* 1 (A.2)
P 1 [W:To,4 - WTTB] +=- - *-B - TT) + Q* (A.20)
The two nondimensional parameters which are present are given by:
1 VE
(L + Ld)A(A.2)
IL = - (A.22)
Ld
and,
=HP VB
The three equations A.18, A.19, and A.20 are used to represent the dynamics of
the engine in the nonlinear simulation presented in chapter 5.
The model given above may be simplified by assuming an isentropic process in
the plenum. This makes use of the energy equation unnecessary and allows plenum
pressure and density to be related by:
dP -2 dpBdPB= a B (A.23)
dt dt
Under this assumption only the following two differential equations are necessary
to describe the engine dynamics.
&Wr IL + 1
= P L+ [,r - P*] (A.24)
iP -1 [WU - WT] (A.25)
Equations A.24 and A.25 may be linearized and combined to give a single second
order differential equation for plenum pressure.
P; + + [ IL +1 )][1 - mcm] P* =o 0 (A.26)
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This equation has the familiar form of a second order harmonic oscillator given
by:
2 + 2(wn + w = 0 (A.27)
We can therefore write expressions for the engine's natural frequency and damping
ratio as:
W = LIL [1 - mmT] (A.28)
C = IL+ mP ] m] (A.29)
A plot of these two parameters obtained using the compressor speed line given in
chapter 5 is given in figure A-2.
From the above, the condition for static stability may be written as:
1
m, < - (A.30)
mT
while that for dynamic stability may be written as:
mC < 1-[ IL + 1MT (A.31)
Diffuser Throat Injection
The parametric system identification techniques utilized in chapter 4 require a
form of the dynamic model between actuation and engine response. To provide such
a model, the geometry given in figure A-3 must be considered. This model differs
from the isentropic plenum model by dividing the compressor into two stages. The
first stage includes the axial stage and the centrifugal impeller. The second stage
includes only the vaned diffuser. Between the two stages, fluid injection occurs at
constant total pressure. The total pressure drop caused by diffuser throat injection
is accounted for as loss in the vaned diffuser. The total pressure rise across the
compressor may then be written as:
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7re -= 7rTrVD (A.32)
where
rI = rr (WC,co,,, Mtp) (A.33)
is the axial stage plus impeller characteristic, and:
7rVD = 7rVD (WCe,o,,, Mtip, WINJ) (A.34)
is the vaned diffuser characteristic, where WINJ is the injection flow function
used to nondimensionalize injection massflow as done with compressor and turbine
massflow above.
The only additional relation necessary is that of mass conservation in the com-
pressor region given by:
Wd = Wc + WINJ (A.35)
This relation implies that the upstream and downstream duct massflow will no
longer be equal unless the injection flow rate is zero.
The resulting set of nondimensionalized differential equations are given by:
OWWu IL + 1 1 9WINJ
7- - rVD rIIL + 1 7rVD7IIL +1 7
aP* 1S= [WU - WT + WINJ] (A.37)
where linear perturbations in compressor pressure ratio have been written as:
7e = rzIVD = mcke + MINJWINJ (A.38)
and mINJ is the injection slope given by:
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mINJ = W (A.39)
dWINJ
To obtain a transfer function between actuation (injection flow) and response in
combustor pressure, the two linearized differential equations may be combined directly
to give:
SC(1- B)s+AC(mlNJ -m)
WINJ- 8 +(Cm -Am,)+AC(1-mm) (A.40)
a, s+ao 
= G2 (s)s2+bi s+bo
where:
IA y L+1IrITVDiL +1
I7rFVD I L + 1
C= 1
The transfer function between injection and compressor inlet static pressure re-
quires an additional relationship between the upstream duct flow function and static
pressure which is taken from the definition of total pressure as:
PO,2 = P,2 - W2 (A.41)
It is then assumed that the compressor inlet total pressure is always equal to static
atmospheric pressure giving P*,2 = 1. Under this assumption, equation A.41 may be
linearized as:
= - ,2 (A.42)Wu
We may then combine the two linearized differential equations to give a transfer
function between injection and upstream duct flow which is eliminated using equation
A.42. This gives a transfer function expression for the dynamics between actuation
(injection) and compressor inlet static pressure.
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, 2_ [Bs2 +(BCmT-AmxnNJ)s+AC(1-mINsmT)]
WINJ s 2 + (CmT-Am )s+AC(1-memr) (A.43)
a22 +als+ao 
- G 2 (s )
s 2 +b l s +bo -
The above two transfer functions are in a form suitable for use in the parametric
system identification carried out in chapter 4.
The parameters used in all models are given below:
IL = 5.25
S= 0.8
The value of mrNJ was determined by first fitting the steady injection data at
each operating point with a line. The slopes of each line were then plotted versus
corrected massflow. From this plot, a curvefit of mINJ versus corrected massflow
could be completed. The resulting curvefit is given by:
maIN = 298Wc,m - 158 (A.44)
The turbine slope was always set equal to the ratio of mean combustor pressure
and mean We.
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Figure A-i: Equivalent Geometry used in LTS-101 Hydrodynamic Stability Model
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Appendix B
Instrumentation Tap Dynamics
This appendix presents the results of a set of experiments carried out to identify the
dynamics of the static pressure taps on the LTS-101. These taps transmit unsteady
pressure from diffuser throat, vane plenums and axial stage to high response trans-
ducers. Flush mounting of transducers in the LTS-101 was not possible due to high
temperatures along with severely restricted space at the desired measurement loca-
tions. Instead, water cooled pressure transducers werre mounted at the end of 6-12
inch legths of hypodermic tubing. Two sizes of tubing were used for the taps, one
for the axial stage and another for the vane plenum and throat. Both are described
below.
Consider the situation presented in figure B-1. We wish to measure the unsteady
pressure P,,g, but the signal at the face of the transducer, P,, has been filtered by
the tap dynamics T(s). Depending on the frequency range of interest and the tap
dynamics, the frequency content of the measured pressure may differ significantly
from that in the engine.
In order to identify the dynamics of each type of instrumentation tap used, a tap
dynamic identification rig was constructed. This rig consists of a cylindrical plenum
with an internal volume of approximately 2.5in2 as shown in the photograph in figure
B-2. The plenum is supplied with air from the lab air supply which is throttled with
a ball valve. The air exits the plenum through a high speed rotary valve. This valve
was used by Bell [2] who gives a complete description of it in his thesis. The valve is
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used to modulate the plenum pressure from 30 Hz to 1000 Hz. The plenum pressure,
analogous to Peng, is measured by a flush mounted Kulite model XTM-190 50psig
pressure transducer. Taps identical to those found on the engine are brazed into one
end of the plenum such that they are exposed to the unsteady plenum pressure. AN
fittings brazed to the end of the taps allow connection of the Kulites used to take
data on the engine. The pressure measured by a Kulite connected to the AN fitting
is analogous to P, in figure B-1. The tap input and output pressure signals are fed
to a Hewlett Packard 3582A spectrum analyzer which automatically performs the
necessary data analysis to produce plots of the magnitude and phase relationship
between the two signals over the frequency tested.
Axial Stage Taps
The axial stage taps installed on the LTS-101 are made from 14 inch lengths of
annealled stainless steel tubing which have an inner diameter of 0.033 inches. The AN
fittings attached to these taps were found to be somewhat non-uniform in geometry.
Specifically, the internal volume of the fittings were all slightly different, but was
nominally 0.0105in3 . The measured transfer function of this type of tap is given in
figure B-3. As can be seen, the taps exhibit a small resonant peak at just below 100
Hz with another at 400 Hz. The phase rolls off relatively quickly, losing 1000 by 100
Hz. The transfer function fit illustrated in figure B-3 is given by:
Tamia (s) = 1 2 (B.1)[1+2 ( ' [1+2(2' + '
n1 n1 n2 n2
where (1 = 0.45 w, 1 = 95Hz C2 = 0.1 wn2 = 400Hz
The transfer functions measured with these taps for the work presented in chapter
4 were corrected by dividing the original transfer function estimate by the complex
value of the tap dynamic transfer function fit at each frequency of interest as indicated
in the equation below.
Gcocted W) = Gmtured () (B.2)
,,,, (u =d TTazia (iw)
Vane Plenum and Throat Taps
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The vane plenum and throat taps were identical. Each was constructed from
6.75 inches of annealled stainless steel tubing with an inner diameter of 0.072 inches.
The AN fittings brazed to these taps were center bored to the outer diameter of the
tubing. In this way, the tubing could be inserted through the fitting such that the
inner diameter was constant from engine to the end of the AN fitting. The measured
transfer function of this type of tap is given in figure B-4. As shown, these taps
exhibit no phase lag up to 200 Hz. Since we were only concerned with frequencies
below 100 Hz in this work, the dynamics of these taps could be safely ignored.
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Figure B-1: Block Diagram Representation of Tap Dynamics
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Figure B-2: Tap Dynamic Testing Rig
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Appendix C
Fluid Dynamic Actuator Lumped
Model Parameters
In this appendix, estimates of the parameters present in the lumped parameter fluid
dynamic actuator model are given. We begin by presenting the expression for the
compressible slot impedance referred to in chapter 3.
1_ 1 + I 7 - 1 +, - 1l+K 1 I
P6 = C = AK K -7 K3 K 2-- - K-" K' -2 j (C.1)aPT6 2 2 2-y
where,
A, is the individual slot area
K1 = RT6 (-l)
K2 & -1
P7
The values used to evaluate K1 and K 2 are:
T6 = 300K
P6 = 72 .8psig
P7 = 50psig
Injection Parameter Estimates
The valve slope was estimated as:
m = F(7) = 1609.6 g\
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where:
Po = 100psig
To = 300K
The total massflow was estimated as:
ni3 = ni, = O.O11kg\s
The value of R 1 was estimated as:
R1 - - = 7.21 x 10-10 ms'
mp
Vmp = 11.9in3 amp = 520m\s
The value of R 2 was estimated as:
R,= 1 = 89.84 P"2pAM kg
Ao = 0.0205in2
The value of R 3 was estimated as:
R3 = = 3 x 10-12 mS2
V = 0.055in3 ap, = 550m\s
Finally, the vane slot impedance was estimated from the equation given above as:
C = ao = 2.95 x 10-8 k8P s Pa a
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